450X F~8/

20 -01- 1839

© 1998 Massachusetts Institute of Technology

All rights reserved. No part of this book may be reproduced in any form by any electronic or

mechanical means (including photocopying, recording, or information storage and retrieval)
without permission in writing from the publisher.

This book was set in Palatino on the Monotype “Prism Plus” PostScript Imagesetter by
Asco Trade Typesetting Ltd., Hong Kong.

Printed and bound in the United States of America.
Library of Congress Cataloging-in-Publication Data

General purpose technologies and economic growth / edited by Ethanan Helpman.
. CITL
Includes bibliographical references and index.
ISBN 0-262-08263-2 the. : alk. paper)
1. Technological innovations—Economic aspects. 2. Economic development.
1. Helpman, Elhanan.
HC79.T4G464 1998

338.9—dc21 98-11842

CIP

to Fraser Mustard, a man of vision



54 Richard G. Lipsey, Cliff Bekar, Kenneth Carlaw

Von Tunzelmann, G. N. 1978. Steam Power and British Industrialization f¢ 1860. New York:
Clarendon Press.

Von Tunzelmann, G. N. 1995, Technolagy and Industrial Frogress: The Foundations of Economic
Growth. Brookfield, VT: E. Elgar,

Woomack, J. P, D. ). Jones, and D. Roos. 1990. The Machine that Changed the Waorld. New
York: Rawson Associates.

Zuboff, 5. 1984. In the Age of the Smart Machine: The Future of Werk and Power. New York:
Basic Books. '

3 A Time to Sow and a Time
to Reap: Growth Based on
General Purpose
Technologies

Elhanan Helpman and
Manuel Trajtenberg

3.1 Introduction

In any given “era” there typically exists a handful of technologies that
plays a far-reaching role in widely fostering technical change and thereby
bringing about sustained and pervasive productivity gains. The steam
engine during the first industrial revolution, electricity in the early part of
this century, and microelectronics in the past two decades are widely
thought to have had such an effect. Bresnahan and Trajtenberg (1995)
refer to them as general purpose technologies (GPTs hereafter)

GPTs are characterized by the following features: (1) They are ex-
tremely pervasive; that is, they are used as inputs by a wide range of sec-
tors in the economy. (2) Their potential for continual technical advances
manifests itself ex post as sustained improvements in performance. (3)
Complementarities with their user sectors arise in manufacturing or in the
R&D technology.t

These features provide a mechanism by which the GPTs act as “engines
of growth”: As a better GPT becomes available, it gets adopted by an
increasing number of user sectors and it fosters complementary advances
that raise the attractiveness of its adoption. For both reasons the demand
for the GPT increases, inducing further technical progress in the GPTs,
which prompts in turn a new round of advances downstream, and so
forth. As the use of a GPT spreads throughout the economy, its effects
become significant at the aggregate level, thus affecting overall growth.

Helpman: Harvard University, Tel Aviv University, and CIAR. Trajtenberg; Tel Aviv Uni-
versity and CIAR. We thank Yossi Hadar for research assistance, and George Akerlof. Gene
Grossman, Peter Howilt, Richard Lipsey, Paul Romer, and Bart Verspagen for comments on
an earlier draft. Helpman also thanks the NSF for financial suppott. :

1. Lipsey, Bekar, and Carlaw discuss the nature of GPTs in more detail in chapter 2; see their
chapter for additional characteristics. :
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We study in this chapter the economywide dynamics that a GPT can
generate. For this purpose we embody the notion of GPTs, as developed
in Bresnahan and Trajtenberg (1995), into a growth model 4 la Romer
(1990) and Grossman and Helpman (1991, ch. 3). However, since a full-
fledged general equilibrium model of GPTs would be exceedingly com-
plex and intractable, we analyze a scaled-back version in which advances
in the GPTs are exogenous. As a result we ignore the feedback from user
sectors to the GPTs.

- We refer to each GPT as prompting the development of “compatible
components.” Of course these can be any sort of inputs or, more gen-
erally, complementary investments of any kind. It may help to visualize
this by thinking of computers, for example, and the components as com-
patible software packages, or even successive generations of integrated
circyits, and the components being the other parts of the appliances and
instruments that incorporate those circuits.

We present the basic GPT-based growth model in the next section. In
section 3.3 we analyze the long-run dynamics, in the form of repetitive
cycles, that result from the arrival of new GPTs within fixed time inter-
vals. The consequent behavior over time of GDP, total factor produc-
tivity, real wages, and factor shares are described in section 3.4. A number
of important results emerge there. A typical cycle contains two distinct
phases. During the first phase, output and productivity experience nega-
tive growth, the real wage rate stagnates, and the share of profits in GDP
declines. The benefits from a more advanced GPT manifest themselves
during the second phase, after enough complementary inputs have been
developed for it. During this later phase there is a spell of growth, with
rising output, real wages, and profits. Over the entire cycle the economy
grows at the rate determined by the rate of advance in the GPT itself.

The growth path thus obtained in the model seems to cotrespond to
the historical record of productivity growth following the introduction of
electricity a century ago, and it may likewise resemble the economywide
impact of computerization of the last few decades.

In section 3.5 we present two modifications that shed light on addi-
tional issues. First, we show how to extend the model to a multiple sector
economy in order to examine the role of diffusion in the growth process.
In this case the acceleration of growth in the second phase is driven both
by the development of complementary inputs and by the gradual diffu-
sion of the new GPT throughout the economy.2 Second, we examine the

2. In this chapter the same intermediate inputs are used by all sectors. We modify this
assumption in chapter 4. Note that each sector needs to develop its own sector-specific
intermediates in order to implement a new GPT.
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role of skilled and unskilled workers, where R&D is skill intensive relative
to manufacturing. An economy with two types of labor may still follow
the aggregate dynamics that were previously described, except that now
output does not need to decline over time following the arrival of a new
general purpose technology. Moreover we show that during the first
phase of slow growth real wages of unskilled workers stagnate, while real
wages of skilled workers increase. On the other hand, in the second phase
of accelerated growth, unskilled workers make real income gains, while
skilled workers may experience real gains in the early part of the phase
and a loss at the end of the entire cycle. We provide concluding remarks
in the closing section.

3.2 Building Blocks

Suppose that a final good is produced with the aid of a general purpose
technology (GPT) i and an assembly of a continuum of components x;(j),
j€[0,m), that have to be compatible with the particular GPT in use,
where #; denotes the number (measure) of available components. The
production function is given by

Qr' = j-iDiu A> 1, (1)

where 2 stands for the productivity level of GPT i, and

o]

The elasticity of substitution between any two components is thus
1/(1—a) > 1. We assume that GPTs become available in an ordered
fashion from i = 1 onward. Therefore with s available GPTs aggregate
output of final goods equals Q=37 Q= ", AiD;3

Each available component is supplied by a firm that owns the property
right to the component’s blueprint, and all blueprints are the results of past
R&D efforts. Suppliers engage in monopolistic competition. All compo-
nents can be manufactured with one unit of labor per unit output, inde-
pendently of the GPTs with which they are compatible. Consequently
marginal costs equal the wage rate w. '

As is well known (see Grossman and Helpman 1991, ch. 3), (2) implies
constant elasticity demand functions,

n; I/&
J x.-(j)“dj] . 0<a<l 2)
0

3. Chou and Oz (1993) developed a model with a similar production structure, but they
have not examined the broad range of issues with which we are concerned in this chapter.
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pi(j)"" D,

[ i)/ ]

where p;(j) is the price of component j for the ith general purpose tech-
nology. Under these circumstances each component manufacturer equates
marginal revenue to marginal costs, and hence all components will be
equally priced according to*

xi(j) = Ta’ je [01 ni]s (3)

, 1
pi(j) =p=—w. (4)
Cd
It follows that all components for the ith GPT are employed in equal
quantities x; and that in equilibrium

D; = ngl—u)/axh (5)

where X; = mx; represents aggregate employment of components by
users of the ith GPT. Given that a unit of labor is required for the manu-
facturing of a unit of components, however, X; also represents labor
employment in the manufacturing of components for the ith general pur-
pose technology.

It is clear from (1)—(5) that total labor input per unit of final output for
the ith GPT is b = X;/Qi = A 'n, "% This labor input is lower for
GPT i the more components are avaxlab]e for i. Evidently a general pur-
pose technology is more valuable, the more compatible components have
been developed for its use.

Competitive suppliers of the final output minimize unit manufacturing
costs of Q. Therefore they choose to manufacture with those general pur-
pose technologies whose productivity level ' in combination with the
number of available components n; yield the lowest unit costs. Thus the
price of final output equals®

4, The manufacturer of x{j) maximizes profits. Namely he chooses pi(f) to maximize
[{j} — w]x(j) subject to (3). Since his input is of measure zero relative to the total employ-
ment of inputs by manufacturers of the final output, he realizes that D; is unaffected by his
chaice of price. Therefore the solution to his problem is given by (4).

5. A typical producer of final output chooses from among the available GPTs, and from
among the available complementary inputs for each one of them so as to minimize his unit
manufacturing costs. Namely for an available GPT i he chooses inputs to obtain the lowest
unit cost

) ife
o= [m(l"!;l}{J pilml i 5.6 A “: ()" dj] = 1}

and chooses to work with the GPT that yields the lowest c;. In.view of (4) this yields (6}.
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1 . i —(1~o)/a

po =— wh, where b= min b, b; = i™'n, . (6)
o I1<ism !

A technology whose unit costs exceed wh/a is not used, which implies
that manufacturers of components that are compatible with this tech-
nology have no sales and make no profits.

Suppose that at first there is just one GPT, m = 1, and that suitable
complementary inputs for it have been developed. Then a second gen-
eration GPT appears. However, in order for the second generation GPT
to be used in production, appropriate complementary inputs have to be
developed (the previous inputs are not compatible). The switch to the
second generation GPT will occur only after “enough” such inputs have
been developed, namely only after ny/n; > 1/4% 0~ (see (6)). In general,
there will be a switch from the ith GPT to the (i + 1)th as soon as

g1 >qm,  0<n=1/A40"% <1, (7)

Now, if (Q; units of final output are produced with the ith general pur-
pose technology, then its users employ x; = b:Q;/n; units of each one of
the #; components. In view of the pricing equation (4), this implies that
each component yields a profit stream

npﬁgﬁﬁ. (®)

These profits equal zero whenever b; > b (see (6)), that is, whenever GPT i
requires labor input per unit output that is not the lowest.¢
Next suppose that each firm possesses indefinite monopoly power in

the supply of its component. Then the value of a firm equals the present
value of its profits,

am{ e Rt (1) e, ©

where R(f,7) = J| r(z)}dz stands for the discount factor from time 7 to f
and r is the interest rate. Differentiation with respect to f yields the

6. 1t is important to note that a supplier of a component for an inferior GPT i (i.e, a GTP
that yields a unit manufacturing cost for final output ¢ such that ¢; > miny ¢y} cannot sell his
product even if he reduces his price down to the marginal manufacturing costs w because he
takes D; as given and I); = 0 for an inferior technology. Put differently, in these circum-
stances an individual supplier of a single input cannot generate demand for his product by
cutting price, If all suppliets of the inputs for GPT i could coordinate their pricing policy,
they might be able to jointly reduce prices of the intermediate products so as to generate for
them positive demand in a profit-enhancing way. But this possibility does not exist in the .
decentralized economy of the type we consider.
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neo-arbitrage condition

o, U
ata =" (10)
This condition is satisfied at each point in time for each existing compo-
nent.

We assume that the R&D process rendering new components over a
time interval of length dt takes the form #;dt = (/;/a) df, where I, is the
amount of labor devoted to the development of new components for the
ith GPT. Each new component is worth v; in present value terms. There-
fore the employment of /; workers in product development over a time
interval of length df generates the value v;/;/a per unit time at a cost of wl;
per unit time. Net value-maximizing investors in R&D will thus abstain
from product development whenever v; < wa. On the other hand, v; > wa
provides infinite profit opportunities, which cannot prevail in equilibrium.
It follows that free entry into R&D implies the equilibrium condition

v Swa  with equality whenever £; > 0. (11)

Evidently, if new components are developed at all, they are developed for
those GPTs that have the highest valued components. As a result, when-
ever it is profitable to develop components for the ith GPT, it is not pro-
fitable to develop components for older general purpose technologies.

In this type of economy labor demand arises from two sources: product
development, which uses a; units of labor, and the manufacturing of
components, which requires b;Q;. Therefore an economy with m general
purpose technologies and L units of labor faces the resource constraint

a i i + Zm: BQ:=1L. (12)
i=1 :

i=1

In this equation the flow of new products #; has to be nonnegative for
all .

To complete our model, we need to specify intertemporal preferences
and the appearance of new general purpose technologies. We will deal
with the latter in the next section. As for preferences, we assume that at
each point in time # consumers allocate consumption over time so as
to maximize a logarithmic intertemporal utility function I exp(—p1)
log C(z) dr, where p is the subjective discount rate and C(7) is consump-
tion at time 7. Consumers of this type, who face an intertemporal budget
constraint according to which the present value of consumption equals
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the present value of income plus the value of initial asset holdings, allocate
consumption according to the rule C/C = r — Po/Pg — p- And in equili-
brium C= 37" Q. We normalize total consumer spending to equal a
constant value E at each point in time, and we choose for simplicity E = 1.
This normalization entails no loss of generality. In this event the value of
output equals one at each point in time, which together with the differential
equation for consumption implies that the nominal interest rate r equals
the subjective discount rate. Namely

polh) i Q=1 and r(f)=p forallt (13)

For further details about this specification see Grossman and Helpman
(1991, ch. 3),

3.3 Dynamics and the Impact of New GPTs

Our analysis of the system’s dynamics will focus on the wage rate and
on the number of available components. This section is in three parts.
First we discuss the arrivals of new general purpose technologies and the
phases of typical long-run cycles. Then we characterize the motion of the
wage rate and the number of components within each phase separately.
Finally we specify the equilibrium links between phases and the resulting
global dynamics.

3.3.1 Arrivals of New GPTs

Suppose that new GPT's atrive at predetermined time intervals of equal
length A = T; — T,_;, where T; represents the time at which the ith gen-
eral purpose technology becomes available. We will refer to each such
time interval as a “cycle,” and to subperiods within it as “phases” of the
cycle. In what follows we focus on long-run equilibria in which each cycle
looks the same, except for suitable factors of proportionality whose pre-
cise nature we explain below. We assume that the development of com-
ponents for a particular GPT cannot start before- the GPT is actually
introduced.” There are two possible scenarios in this case, depending on

7. Clearly that is not always the case in reality (e.g., some software for a new operating sys-
tem is developed before the launching of the [atter). In this case, however, the developers of .
components need to know enough about the upcoming GPT in order to start their own
R&D early on. This raises important issues regarding the flows of information between
the GPT and the user sectors, that may impinge on the growth process (see Bresnahan and
Trajtenberg 1995).
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how long A is: (1) that a moment before T;,, components for GPT i are
still being developed, and hence the appearance of the new GPT brings
to an abrupt end those developments; and (2) that the development of
the components compatible with the ith GPT has ceased before T}y, and
hence after a hiatus when there is no product development, R&D for the
new components starts at T;; ;.

In case 1 the sequence of events is as follows: Recall from (7) that pro-
duction with GPT i+ 1 becomes profitable as soon as myq > n;. We
denote by A; the length of time that elapses from the arrival of a new
GPT up to the point in time at which it becomes profitable to switch to
the new GPT in the production of components. During this time interval
the old GPT is used to manufacture final output, while R&D is used to
develop components for the new GPT. We call this initial period “phase
1" In phase 2, which is of length A, = A — Ay, the old GPT is superseded
by the new one in production while the development of components
continues for the new GPT. Since we assume that A and A (and hence 7
are constant, so will be A; and A; in a stationary iong-run equilibrium,

Unlike case 1, in case 2 the development of components for the ith
GPT ceases at T;+ A, < Tjy; rather than at T;,;, while other features
remain the same as in case 1. It follows that case 2 has in addition to
phases 1 and 2 a third phase in the time interval [T; + A,, T;,4), during
which production takes place with the new GPT and no R&D takes place
whatsoever.

3.3.2 Phase1

Consider the time interval [T;, T; + A;) during which producers of final
output employ the (i — 1)th general purpose technology, but innovators
invest resources in order to develop components for the ith GPT. During
this phase the number of components compatible with the old GPT
remains constant at the level n;_;(T;), and profits for the upstarts equal
zero. In this event the no-arbitrage condition (10), together with the free-
entry condition (11) and the normalization (13), implies that

W :
==p for t & [T;, T; + Aq).

During this phase innovators make no profits but nevertheless engage
in innovation because they expect profits in the future, and they are in-
different as to when to innovate, since R&D costs are rising at the rate of
interest rate. As a result the capital value of R&D costs is the same at each
point in time. In addition (6), (12), and (13) imply that

A Time to Sow and a Time to Reap 63
w
A
w =a/L
0 i
Figure 3.1
Wage dynamics in phase 1
, 1 & 4
n,-=—(L——) forwz =, n(T) =0, te[T, T, + A1).
a w L

The condition on the wage rate ensures nonnegative employment in
R&D. Given an initial wage rate w(T;), these differential equations yield
the following solutions for the evolution of the wage rate and the number
of products during phase 1:

w(f) = w(T)e!™™  forte (T, T+ Ay, (14)

o

Pao(T) [1—e D] forte[T, Ti+A1). (15

mH = (- T) -

Figure 3.1 describes two feasible trajectories of system (14)—(15) (the
higher trajectory begins with a higher initial wage rate). As can be seen,
both the wage rate and the number of products rise over time along these
trajectories, '

3.3.3 Phase 2

Now suppose that we are in the time interval [T; + Ay, Ti + A.), -wh.el_'e
A, = A if case 1 applies and A, < A if case 2 applies. In either case during
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Wage dynamics in the last phase

this phase GPT i has the lowest unit labor requirement coefficient b;, and
all manufacturers of final output employ this technology. In addition it is
profitable to keep investing in the development of new components for
this general purpose technology, and no R&D takes place for components
of other GPTs. In this event (11) is satisfied with equality, which together
with (6), (8), (10), and (13), implies that

tb:pw—% forte [T+ A, Ti+A,). (16)
This differential equation for the wage rate holds as long as the ith GPT
remains the best practice technology, and new components can profitably
be developed for its use. Next observe that as long as i remains the
lowest cost GPT, (6), (12), and (13) imply, as before, that

. 1y = o o
n,__E(L—E) forw> 7, te[Ti+Ay, Ti+Ad). (17)
Equations (16) and (17) describe an autonomous system of differential
equations whose motion we depict in figure 3.2. The hyperbola =0
describes the rest points of (16) while the horizontal line 11 = 0 describes
the rest points of (17). The shaded area below the horizontal line identifies
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a region in which investment in R&D is negative. Therefore this region
is not feasible. Three arrowed curves describe dynamic trajectories. The
intermediate trajectory is a saddle path that converges to the stationary
point A. If no new GPTs are expected to become available, then this
saddle path is the unique equilibrium trajectory that satisfies the valuation
equation (9) and the intertemporal budget constraint (see Grossman and
Helpman 1991, ch. 3). If, on the other hand, new GPTs are expected to
appear in the future, as described in section 3.3.1, then the equilibrium
trajectory depends on. the length of a cycle and on how much better a
new technology is relative to the old. '

3.3.4 Phase 3

In phase 3 (applicable to case 2 only) there is no R&D, all resources are
employed in manufacturing, and all manufacturers of final output employ
the newest general purpose technology. In this event the number of com-
ponents is constant, and so is the wage rate.

3.3.5 Global Dynamics

We proceed now to examine separately each of the two cases identified in
section 3.3.1. The analysis throughout is predicated on the assumption of
perfect foresight.? :

Case 1

Recall that in this case a cycle consists of two phases. In the first phase
final output is manufactured with the old general purpose technology and
innovators develop components for the new GPT. The evolution of the
wage rate and the number of components of the new GPT follow the
pattern that we discussed in section 3.3.2, namely both rise over time. In
the second phase, after sufficiently many complementary inputs have been
developed for the new general purpose technology, manufacturers of final
output switch to the new GPT, while innovators continue to develop

8. There also exists a degenerate equilibrium with no product development for new general
purpose technologies, Suppose that when a new GPT i arrives, every potential innovator
expects that no one will invest in R&D in order to develop components for its use; that is,
everyone expects m;(f} = 0 for all time periods. As a result it does not pay to invest in the
development of a single component because the new GPT will never be used in manufac-
turing. In this event the pessimistic expectations are self-fulfilling, and no new GPTs are
implemented. This is an expectations driven equilibrium that leads to stagnation, bu_t itisa .
decentralized equilibrium nevertheless. We do not discuss these types of equilibria_m what ;

follows. :
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Number of preducts and profits

components for the new GPT. It follows that in the second phase, when
the new GPT dominates both production and product development, the
dynamics of the wage rate and the number of components (for the new
GPT) follow the pattern described in section 3.3.3. It leaves open the
question which of the many possible trajectories prevail in equilibrium. To
answer this question, we need to identify appropriate links between the
two phases, to which we turn next.

Consider a typical cycle, one that starts at T; and ends at T;,;. At T; the
ith general purpose technology becomes available. At that point in time
the number of components that have been developed for the (i — I)th

GPT has reached its peak n;_;(T;), and innovators switch their efforts to

develop complementary inputs for the new i* GPT. The evolution of #;(f}
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is described in panel (a) of figure 3.3. Starting from zero at T;, the number
of components for the new GPT grows over time until a still newer gen-
eral purpose technology appears at T,1. From that point on the number
of components #; remains constant at the level n(T;), while innovators
switch to develop components for the (i + 1)th GPT.

Panel b of figure 3.3 describes the evolution of profits. Profits #; equal
zero as long as manufacturers of final output employ the (i — 1)th GPT.
This changes at T; + Ay, at which point the number of components avail-
able for the ith GPT, n;(T; +- Ap), makes manufacturers of final output just
indifferent between the old and the new general purpose technology.
From (7) this implies that

(T + A1) = i _o(T5). (18)

From this point on profits become positive for suppliers of components
for the ith GPT. Since profits are (see (6), (8), and (13))

() =lnja_)“ for £ [T; ++ Ag, g + Ay), (19)
these profits fall as the number of components compatible with the new
GPT rises over time. The rise of n; during phase 2 is brought to a halt
with the appearance of a still newer GPT at T;,;. From this point on m;
remains constant, while innovators develop complementary inputs for the
(i -+ 1)th GPT. Profits drop to zero when enough inputs have been devel-
oped to induce manufacturers of final output to abandon the ith general
purpose technology and to adopt the (i -+ 1)th. They remain zero there-
after.

Consider a manufacturer of a component for the (i — 1)th GPT. She
knows that her profits will remain constant at the level (1 — o) /i1 (T)
over the time interval [T;, T; + A;) and drop to zero thereafter, as
described above. In this event (9), (13), and (19) imply that the value of
her firm will be

Tit+dq
o= [ e, ) de
a0 0
I—a :
= ~ e TH+4-D)  forte [T, T + Ay).
o (Ty e J forte T, Ti+ Ay
Now, in order for the development of the “last” component for GPT i — 1
at time T;™ to have taken place, it must have been that 0;_y(T;") = w(T )a
(see (11)). This “free entry” condition, together with (20) and the con-
tinuity of v;.;(#) that follows from (9), implies that
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- (1-a) —ph
w(:ri)zm(lme" ). (21)
This equation then establishes the wage rate that prevails at the end of a
cycle.

Just before and just after T; + A; (the point in time at which producers
of final output switch to the ith general purpose technology) innovators
invest in R&D in order to develop components for the ith GPT. In this
event o;(f) = w(f)a just before and just after T; + A;. Since by (9) the
value of a firm is continuous in time, it follows that the wage rate is also
continuous at T; + A;. Equation (14) implies then that

w(Ti + Aq) = w(T;)e"M. (22)
In addition (15} implies that

ni{T; + Ag) =§A1 —WE—H%(I—E_PA:)_ : {23)

Now we have a complete system. It consists of two sets of dynamic
equations (14)—(15) and (16)—(17) for the wage rate and the number of
components, the initial conditions #;(T;) = 0, and the connecting equa-
tions (18), (21), (22), and (23). The system has a long-run stationary equi-
librium with cycles of constant length, which are depicted in figure 3.4
for Ar constant, w(Ty) =w(Ti.y), w(T;7) =w(Tz,), and m(Tiyy) =
n-1(T;}.7 In the first phase of each cycle the wage rate rises, and it
declines in the second phase. With the appearance of a new general pur-
pose technology the wage rate jumps upward, which makes it unprofit-
able to further invest in the development of components for the old GPT
(the old GPT is at the margin of profitability before the appearance of the
new one). If the appearance of a new GPT does not bid up wages then
case 1 rather than 2 applies.

In order to compute the stationary long-run equilibrium, we seek a
fixed point in (w,n) space. We begin by specifying initial values for the
wage rate at the beginning of a cycle w(T;) = wo, and for the number
of components at the end of a cyde #i—1(T;) = #max. Using these initial
values, we calculate w(T; + A;), mi(T; + A1), and Ay from (18), (22), and

9. The stationarity conditions for the span of the first phase and the number of components
are independent of normalization, On the other hand, the stationarity conditions on the
wage rate resuit from our normalization (13). Alternatively, and independently of normaliza-
tion, we could have expressed the stationarity conditions on the wage rate in terms of real
rather than nominal wages.
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(23). Then we apply the differential equations (16) and (17) for a time
interval of length A — Ay, starting with the initial values w(T; + A;) and
#i(T; + Aq), in order to compute (T ) and m(Tpy ). I 1:(Tir1) = Nppax
and w(T;, ) satisfies (21), namely if

(1-=)

w(Ty,) = pary,
ax

(1—ePhr),

then we have found a fixed point. Otherwise, we adjust the initial values
and repeat the previous steps until we find a fixed point. Once a fixed
point has been found, we can use the initial values (w0, #imax) to calculate a
representative cycle of the long-run equilibrium trajectory.

Case 2 :
This case is similar to case 1, except that at the end of phase 2 the wage
rate has to equal /L, and it remains at this level for the rest of the cycle
{this wage rate clears the labor market in the absence of employment in
R&D). In this event w(T;;,) is known to equal a/L. Therefore, instead of
w(T;;,), we now calculate the length of phase 2, A, which is shorter than
A — A;. This is done by running the differential equations (16)—(17) fr
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the initial values w(T; + A;) and ni(T; + A;) until the wage rate drops to
afL.

3.4 Dynamics of Key Economic Aggregates

As mentioned in the introduction, our prime goal is to understand the
role of GPTs and of complementary investments in economic growth.
Thus we proceed now to analyze the dynamic behavior of output and of
other economic aggregates.

3.4.1 GDP Growth

The real gross domestic product represents a standard measure of an
economy’s real output. GDP can be measured either on the output or on
the input side (both lead of course to the same result). In our case GDP
consists of wages plus profits on the input side. From (6) and (8) profits
equal the fraction 1~ a of the value of final output poQ, and the latter
equals one by our normalization (13). It follows that nominal GDP equals
wL + 1 — a. To calculate real GDP, we divide nominal GDP by the price
of final output pg as defined in (6), yielding the following measure:

I-a

ww}az"nk(n“—“ﬂ“, (24)

where k is the index of the general purpose technology actually used in
the production of final output.’® Observe that the term outside the square
brackets on the right-hand side of (24) is continuous in time in view of the
fact that each #; is continuous in time and the GPT switching condition
(7). Therefore real GDP is continuous as long as the wage rate is contin-
uous. Recall, however, that the wage rate jumps upward with the appear-
ance of a new general purpose technology, when innovators abandon the
development of components for the old GPT and redirect their innovative
efforts to the development of complementary inputs for the new GPT. As
a result real GDP jumps downward at the beginning of each new cycle. It
is important to note that this initial fall in GDP (which includes the output
of the R&D sector) stems from the (static) allocative inefficiency caused
by monopolistic competition in the manufacturing of components. The

G(t) = [L +

10. In other words,

- i—1 forte[T;, T;+A:).
i for fe {T; + A1, Tivt).
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departure from marginal cost pricing there implies that the manufacturing
sector is too small to begin with relative to the R&D sector (where “out-
put” is priced according to marginal costs; i.e., v = wa). When a new GPT
appears, the upward jump in the wage rate causes a sudden diversion of
resources away from manufacturing toward R&D, further enhancing the
initial distortion and bringing about the fall in GDP.1t

Beyond the fall in output right at the start of a cycle, it is apparent from
(24) that real GDP keeps declining throughout the first phase. This is due
to the fact that the wage rate rises during the first phase of a cycle, while
the number of components available for production of the final good (ie,
those associated with the previous GPT) remains constant. We conclude
that (temporary) reductions in real output are an integral feature of the
long-run equilibriumn,

Actual growth begins only in the second phase, when the economy has
just developed “enough” components for the new GPT and hence pro-
duction of final goods switches to the newest technology. Real GDP
increases throughout the second phase as the number of components for
the prevailing GPT keeps rising, and as the wage rate declines. Thus it is
only in phase 2 that the opportunities opened by the advent of a new
GPT translate into a growth spell that continues until an even newer GPT
appears. Figure 3.5 shows the simulated path of real GDP over two
cycles, highlighting the sharp differences between the two phases in each
cycle. Over an entire cycle, though, the average rate of growth is simply
¢ =log 1/A.

The phenomenon sketched in figure 3.5 underlies the critical role of
complementary investments in the growth process: Contrary to what
happens in the context of the neoclassical growth model with exogenous
technological progress, in our context technical progress in a key tech-
nology does not bring about growth in total factor productivity by itself,
and certainly not right away (in our model total factor productivity
growth is indistinguishable from GDP growth). Rather, the appearance of
a new, more efficient GPT induces an initial deployment of resources into
complementary investments (i.e., the development of compatible compo-
nents), and it is only after there are enough such investments in place that
the potential of the new technology begins to manifest itself in output

i1, Of course, without positive markups in the manufacturing of components new ones
would never be developed, and likewise, without a redeployment of resources away from the
old GPT-components, the economy would never reap the benefits of the new technologies.
This is then a further example of Schumpeter’s “gales of creative destruction” and the con-
sequent trade-offs between static and dynamic efficiency.
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and productivity gains. The economy suffers TFP (total factor produc-
tivity) and output losses during the first phase of a cycle, but output and
total factor productivity gains re-appear with a vengeance in the second
phase of each cycle. Observe, however, that the economy experiences
average output and TFP growth over an entire cycle.12

The history of technology offers supportive evidence to this highly
stylized sequence. In fact economists and other scholars have. been
repeatedly puzzled by the fact that new GPTs fail to deliver no'tlceabls
benefits for quite a long time after introduction, but then they “kick off
and ignite a spell of sustained growth. That was certainly the case with
electricity, and that seems to be the case presently with computers and
the associated “productivity puzzle.” David’s (1991) documentation of
the introduction of electricity is of particular interest. As he has shown,
substantial productivity gains appeared only about four decades after the

12. In Helpman and Trajtenberg (1994) we report simulation results for a wide range of
parameter values. They all show a similar pattern of dynamics,
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introduction of dynamos. And his figure 4a, ‘which depicts the evolu-
tion of productivity during the diffusion of electricity in manufacturing,
resembles our figure 3.5.1 Surely there are other forces at work behind
the productivity path of GPTs (e.g., plain diffusion as in Griliches 1957, or
continuous improvements in the GPT itself as in Bresnahan and Trajten-
berg 1995), but it seems that complementary investments play a critical
role, which has been largely overlooked.* In this simple model those
investments take the form of compatible inputs, but of course in actuality
there is a wide array of different types of complementary investments,
including organizational and institutional changes, both within firms and
across vertically related firms.

Thus, for example, it is becoming quite clear that in order to reap the
benefits from computerization, firms have to redesign the organization
of work (e.g., emphasize teamwork rather than hierarchical links), decen-
tralize decision making, and make flexibility a prime goal in planning
production and product design. In contrast to the traditional view of
organizations as exogenous and of organizational changes as costless, the
history of technology suggests that changes in technology and changes in
organization and institutions are intimately related (see Chandler 1977},
and that tangible investments in such changes in response to the oppor-
tunities offered by new GPTs may be crucial for growth,

In our model the distinction between the two phases of the cycle is
very pointed, and involves sharp discontinuities. This is for the most part
an artifact due to the fact that we do not allow new and old GPTs to
coexist, neither in production nor in R&D.15 Such coexistence would
smooth out the transition from phase 1 to phase 2, and may even reverse
the negative growth of phase 1. Still, growth during the second phase
would be significantly faster than in phase 1. Thus the main inference
from our analysis is that even if substantially more efficient, new technol-
ogies may barely make a dent at first in actual growth, since they have to
await for the development of a sufficiently large pool of complementary
assets to make a significant and lasting impact. Moreover these assets

13. Figure 3.8, shown in section 3.6, resembles David's figure 4a even more closely.

14. See, however, Milgrom and Roberts (1990) for the importance of complementarities in
manufacturing,

15. We started our work on this project with a model that allowed for overlapping GPTs,
but it soon became clear that it would be exceedingly difficult to work with it because of the
need to keep track in the dynamic calculations of the variables associated with all previous
GPTs (primarily n;). However, we can envision extending the model to allow for the coexis-
tence of two contiguous GPTs at a time. :
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use up resources, and hence in the short run, growth may be adversely
affected.

3.4.2 Real Wages, Profits, and Factor Shares

In previous sections we discussed the behavior of the wage rate over time
in units that reflect the particular normalization chosen there (i.e., equating
the value of final output to one). We turn now to real wages and profits,
which measure the return to factors in units of the final good, namely
w/pg and n/pg. In view of (6), the real wage rate at time f equals
adfm (5% and real profits are (1 — a}aA*n, (£)~2/ */w(#). Notice that
the continuity of #; and the switching condition (7) imply that the real
wage rate is continuous. In fact real wages remain constant during phase 1
of each cycle and then rise over the course of phase 2, as more and more
components of the new GPT are being developed (hence boosting labor
productivity). Real profits, on the other hand, do drop at the beginning of
each cycle as a result of the upward jump in the (normalized) wage rate,
and decrease further along phase 1 (recall that real GDP declines over that
period and that the real wage bill remains constant). During phase 2
though, real profits rise continuously.

As to factor shares, the labor share is wL/(1 — ¢ + wL), and the share of
profits is (I — a)/(1 — « + wl). Recalling the behavior of w over time, it
is thus clear that the profit share is procyclical (as is the case with real
profits), whereas the labor share is countercyclical.

3.4.3 Stock Market

The fact that the appearance of new GPTs eventually renders older ones
obsolete, implies that the know-how for the manufacturing of at most two
types of components can simultaneously command a positive value; those
associated with the latest GPT and with the next to the last. When the
economy is in the second phase of a typical cycle, only components of the
best practice GPT are valuable because at that time it is known that no
component of older technologies will ever be used. On the other hand,
when the economy is in phase 1, then components of both the best prac-
tice GPT and of the previous one have positive value. This is so because
in phase 1 the older GPT is still used in manufacturing, thereby providing
a profit stream to owners of components that go with it. At the same
time, owners of components that go with the newer GPT do not collect
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profits, though they expect profits in the future. For these reasons the
technological know-hows of both types of components are valuable.

It follows that the value of the stock market at time # can be expressed
as 5(£) = i1 ()vi_1(F) -+ n{F)vi(#), where i is the index of the best practice
GPT at time £. In case 1, on which we focus, the value of a component for
the best practice technology always equals R&D costs, namely o;(f) =
w(t)a. As for the (i — 1)th GPT, during phase 1 the value of each compo-
nent is given by (20), while in phase 2 their values equal zero. Therefore

“the value of the stock market is.

p (25)

[ .
50 = { o [1— e (Ttdn) 4. ni{flw(t)a for te [T, T; + AY),
n(Nw(f)a for te [T; + Aq, Tiys).

We first use this formula to simulate the stock market to GDP ratio
5/(1—a+wl) (see figure 3.6). Notice that the introduction of a new
GPT brings not only to a sharp decline in real GDP, but to an even
sharper decline in the real value of the stock market, so that the 5/GDP
ratio falls, This ratio continues to fall during a substantial part of phase 1,
but it picks up toward the end of the phase. Thus an uptum in §/GDP
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precedes the amival of phase 2, and thereby predicts the forthcoming
upturn in productivity and output growth. In the second phase the stock
market outperforms output and productivity, and the ratio of the stock
market to GDP rises.

Next we consider the price-earning ratio. In phase 2, when only the
best practice GPT is valued, all components with positive stock market
values have the same PE ratio. But in phase 1, in which components of
two GPTs are positively valued on the stock market, each type has a dif-
ferent PE ratio. In particular, since components of the best practice tech-
nology have no earnings but are positively valued nevertheless, their PE
ratio is infinite. In either case, however, we can calculate the average PE
ratio, as the value of the stock market divided by aggregate .profits,
5()/(1 —a).

Figure 3.7 presents a plot of the price-earning ratio over two con-
secutive cycles. In phase 1 the PE ratio declines initially and rises sub-
sequently, while in phase 2 it rises initially and declines subsequently. The
average value of this ratio is, however, lower during the first phase, when
real output and productivity decline, and higher in the second phase,
when real output and productivity rise. Two points are worth making
about the plot in figure 3.7. First, it shows that the price-earning ratio is
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more volatile than output and also more volatile than the $/GDP ratio.
Second, it shows that upward trends as well as downward trends in the
PE ratio can take place both during periods of economic contraction
(phase 1) and during periods of expansion {phase 2).

3.5 Technological Diffusion and Relative Wages

We present in this section two modifications of our “base case” model
that help address a whole set of interesting, more micro-oriented issues, 16
The first extends the model to an economy with many sectors, with the
GPT having a different productivity impact on each one of them. As a
result new GPTs spread gradually across them, and growth is seen to
depend not only on the development of complementary inputs as in the
base case but also on the rate of diffusion of the GPT. The second modi-
fication allows for the existence of skilled and unskilled labor, with R&D
being relatively skill intensive. We investigate in this framework the
evolution of relative and real wages over each of the phases of the cycle,
and the growth of GDP. The analysis has a bearing on the recent debate
concerning the observed decline of real wages of unskilled workers in
industrial countries during the 1980s.

3.5.1 Diffusion

Suppose’ that there exists a continuum of final goods, indexed by
with z e [0,1]. Each z uses for manufacturing the same GPT-compatible
components, as described in section 3.2, except that now we allow the
productivity level of the GPT to differ across sectors. In particular, sup-
pose that 1 = i(z) is a declining function of z. That is, the productivity of
a new GPT is highest for sector z — 0, and it declines as we move to

 higher index sectors. Under these circumstances the price of good z equals

Po(z) = o~ 'w min, <i < mlA(z) 0/ *] (see (6)). Observe that the nurm-
ber of available components is the same for all goods. Thus, as the num-
ber of available components for a new GPT increases over time, a larger
fraction of sectors switches to manufacture with it. In fact, given A('), we
can derive a nondecreasing function F{ni/ni_1), which describes the frac-
tion of sectors that manufacture with the newest general purpose tech-
nology i. This fraction encompasses all sectors z € [0,7], where Z, =

fi/ni_y).

16. We refer to the model developed in previous sections as the “base case” model.
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Next, consider the profits derived from a typical component, assuming
that consumers allocate equal fractions of spending to all final goods.
During the first phase of cycle i, profits are the same as in the base case.
That is to say, they are zero for components of the ith GPT (the latest),

and they equal m;_; = (1 — &) /m;_¢ for components of the previous GPT. .

Unlike in the base case, however, at time T; + A; not everyone switches
to the ith GPT simultaneously. Rather, only sector z = 0 does so. But as
more components for the ith GPT are developed over time, more and
more sectors adopt the latest GPT. Thus during the second phase the
profit streams are different from those that obtain in the base case. For
those still manufacturing components for the older GPT, profits are
71 = (1= a)(1 — Zi}/ni_1, whereas in the base case nobody does so, and
hence m;_; = 0. For those manufacturing components for the latest GPT,
profits are 7; = (1 — a)Z;/n;, whereas in the base case they were just
o= (1~ oc)/n,-.

Our discussion assumed that by time Ti,; (ie, by the end of the ith
cycle) all sectors have adopted the ith GPT, namely Zi{Tiy1) = 1. This
ensures the existence of the two phases that were central in our base case.
It might happen, however, that some sectors still have not adopted the ith
GPT as an even newer GPT appears. If the latter is true, then long-term
equilibria may involve longer cycles, defined not by the time of appear-
ance of new GPTs (as in the base case) but by the time when all sectors
switch to the latest GPT. This may offer a richer (and perhaps more
realistic) characterization of technologically driven long cycles.

Turning now to GDP growth, it can be shown that real GDP in units of
aggregate consumption equals now

G- (L 41 - “) anl e (- )220

where A =i J‘OZ’ log A(z) dz -+ (i — 1) -[ZI. log A(z}dz. Comparing it to (24),
we see that in the base case only additions of new components and the
concomitant changes in the wage rate drive growth during phase 2. In the
present case there is an additional force contributing to productivity
growth, and that is the rate of diffusion of the latest GPT in the manu-
facturing sector, namely the rise in Z;,

3.5.2 Relative Wages

Supi)ose now that the labor force is not uniform but rather that there are
skilled workers that are suitable primarily for R&D and unskilled workers
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suitable primarily for manufacturing (we revert to the single final good
as in the base case). For simplicity, we focus on the special case where
there is complete segmentation between the two sectors; namely the

manufacturing technology requires only unskilled workers and R&D only
skilled workers.

Assume further that manufacturing of components requires one unit of
unskilled labor per unit of output. In this event total production of com-
ponents per unit time equals L. Compornents are priced according to (4) -
and final output according to (6), as in the base case, where w stands now
for the wage rate of unskilled labor. This implies a constant wage rate for
unskilled labor of w = /L. Denoting by H the supply of skilled labor, we
choose labor units such that one unit of skilled labor develops one new
product per unit time, Thus # = H; in words, the flow of new compo-
nents per unit time is constant and equals H. This implies that the number
of components available at time ¢ is ni(t) = (F— T)H for te [T}, Tit1) and
that the length of the first phase is simﬁly determined by A; = yA.

We restrict the discussion to parameter values that produce a two-
phase cycle, such as in case 1 of section 3.3. In this event the no-arbitrage
condition (10) implies that the evolution of the wage rate of skilled
workers, denoted by wgy, satisfies

POy for ke [T;, T; + 5A),
tor = Wy — Ll for te [T,
pwn T o € [Ti +5A, Tiiq).

In addition, if it is profitable to develop components for the (i — 1)th GPT

-at time T;, then (see (21)):

11—«

PHA

wr(T3,) = (1),

These provide us with a differential equation and an end condition. The
solution to this system is

e"Twy(0) for te [T, T, + 7A),
wi(P) = ep(f—m{ wy(0) — %E[m(pm) — @(p(t - T;))]} (26)
for te [T; +nA, Tiyq),

where  wy(0) = [(1 - a)/HJ[(1/pA)eP5(1 — #18) — B(pA)} + B(ppA)],
and D(y) = [ (e*/x) dx. , o
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We can now describe the evolution of relative wages. Recalling that
the wage rate of unskilled workers is constant here, the time trend of rela-
tive wages is fully determined by the wage rate of skilled workers, as
described in (26). It follows that the relative wage rate of skilled workers
rises during the first phase. However, during phase 2 the wage rate of
skilled workers is always lower than its peak at the end of phase 1.
Therefore the relative wage rate of skilled workers has to decline at least
at the beginning of phase 2, and it may in fact decline all the way, until
the arrival of a new GPT 17

Now let us turn to real wages. From (6) and the fact that the wage rate
of unskilled workers is constant, it follows that the real wage rate of
unskilled workers, w/pg, is constant in phase 1 and rising in phase 2.18
On the other hand, the real wage rate of skilled workers, wH/ﬁQ, rises
during phase 1 because wy rises and pg does not change. In phase 2 the
real wage rate of skilled workers may decline.’? We therefore see that in
the early part of a long-run cycle, when productivity stagnates, so does
the real wage of unskilled workers, while skilled workers gain higher real
wages over time. Then, with the adoption of the newest general purpose
technology, real income of unskilled workers tumns around. In that phase
both types of labor may experience rising real incomes, at least for some
time. But further along the cycle skilled workers may suffer falling real
wages, ’

As already mentioned, the changes in relative wages of skilled versus
unskilled labor have received a great deal of attention in recent times, in
view of the deterioration suffered by unskilled workers during the 1980s,
and the large increase in their unemployment rate in countries with rigid
labor markets. Two hypothesis compete for the explanation of these
trends: (1) that the pressure on relative wages emanates from foreign
competition, and especially from labor-intensive exports of less developed
countries, and (2) that technological progress in the industrial countries
has differentially affected the demand for labor with varying skills. Our
analysis suggests that the observed changes in relative wages are con-

17. For example, when a = 0.5, A= 1.5, p=0.025, A=20, L =1, and H = 0.3, the wage
rate of skilled workers declines at each point in time during phase 2.

18. An extension of the model can produce a dedlining real wage rate of unskilled workers
during phase 1. For this we need to assume that both types of labor are used in manufactur-
ing. Then, as innovators increase their demand for skilled labor with the appearance of a new
GPT, skilled workers will be reallocated from manufacturing to R&D. As a result unskilled
workers will collaborate with fewer skilled workers in manufacturing, and the marginal
product of unskilled workers will decline, leading to lower wages of unskilled workers.

19. For the parameter values presented in footnote 15, the real wage rate of skilled workers
rises during the early part of phase 2 and declines subsequently.
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sistent with economies that are in the first phase of a long cycle, driven
perhaps by a computer-based GPT.
Next consider real GDP, now given by

. .
G=% (1~otwl+wpH) =L(14+-wgH)A HH) Y forte [T, Tuy),

where k is the index of the GPT actually used in production. We have
k=i--1and #, = A for te[T, Ti+9A), and k=i and t, =t — T, for
te[T;+nA, Tiq). Notice that real GDP is homogeneous of degree
I/e>1in L and H (recall that wy is inversely proportional to H, and
hence wyH is invariant to factor endowments). Thus this economy exhi-
bits aggregate economies of scale. As to growth, real GDP drops right at
the beginning of a cycle (as in the base case), but then it grows over phase
1, contrary to the negative growth seen in the base case. The behavior
of real GDP during the second phase is less clear: The simulations that we
carried out for a particular parameter combination show that as in the
base case, growth is significantly faster in the second phase (see figure
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3.8).2° However, we have not been able to establish thus far how general
this result is.

3.6 Concluding Remarks

The point of departure of this chapter is a view of the growth process
in which the vague notions of technology-related “increasing returns”
or “nonconvexities” that underlie a great deal of the new growth theory
acquire a very concrete meaning: that of general purpose technologies
fostering complementary advances in user sectors. The building blocks of
our analysis can therefore be related to specific technological and his-
torical processes (e.g., the electrification of manufacturing in the early
twentieth century); similarly the outcomes of the analysis can be judged
against that same historical and contextual backdrop.

The long-run equilibrium notion that emerges from our analysis is
that of a recurrent cycle, associated with each new and ever-improving
generation of GPTs. From a purely historical viewpoint, that seems to be
a more compelling representation of actual processes than either station-
ary growth rates or convergence to saddle points. Within each cycle the
analysis shows the centrality that complementary investments play in the
growth process, and how the sequential and cumulative nature of such
investments may induce different phases along each cycle, exhibiting very
different features. Particularly striking is the initial phase of negative or
slow growth, which results from the fact that there is a threshold level of
complementary inputs that needs to be developed before the latest GPT
can outcompete and displace the previous one.

The extensions sketched in section 3.6 suggest that this model may
offer a suitable framework for the analysis of a series of important issues
that arise in the interface of technology and economics. In particular, the
model offers one possible way of addressing the troublesome decline in
relative wages of unskilled workers during the 1980s. In fact the predicted
dynamic behavior of wages in our extended model is consistent with the
observed phenomenon, and it carries also an optimistic message: These
trends are supposed to turn around once the latest GPT (computers?)
reaches beyond its gestational stage and starts having a real impact on
productivity. Clearly, though, the model developed here suffers from a

20. Notice that the pattern shown in figure 3.8 resembles the productivity path of electricity
aliuded to in section 3.4 (David 1991) more closely than the one in figure 3.5, which repre-
sents the base case,
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series of readily apparent limitations, which we see as agenda for future
research. Prominent among them is the fact that we have ignored the
endogenous character of advances in the GPT itself and the associated
(positive) feedback going from the user sectors to the GPT. This is an
important part of the mechanism by which GPTs are thought to play their
role of “prime movers,” and its (hopefully transient) omission is due only
to the modeling difficulties that we have encountered.
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