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1 Introduction

Over the last twenty years, economic performance and labour market outcomes have
differed substantially across industrialized countries (see for example Gottschalk and
Smeeding (1997)). In particular, the labour market in the US has been characterized
by a large increase in the employment rate, a poor wage performance for low skill
workers, an increase in the returns to education and a fast expansion of the service
sector . In contrast, continental Europe has witnessed low employment growth, no
substantial change in the return to education, a decent performance in terms of wages
for low educated workers and a slower expansion of the service sector. One obvious
candidate explanation for these differences is institutional, that is, countries with
more rigid institutions have adjusted to the introduction of new skill-biased technolo-
gies (like the spread of the computer) by adjusting quantities of employment instead
of modifying the wage structure. However, as pointed out by, among others, Card,
Kramarz, Lemieux (1999) and Krueger and Pischke (1997), a closer look at the data
is not very supportive of an exclusively institutional explanation.! Hence, this leaves
open the question of why labour market outcomes and economic performance have
differed so substantially between industrialized countries, and particularly between
North America and Europe, over the last twenty years. Our goal in this paper is
to present an alternative explanation for the observed cross-country differentials in
labour market outcomes built on the interaction between two driving forces: popula-

tion growth and the dramatic declines in the costs of using information technologies.

Our approach in this paper builds on our earlier work in Beaudry and Green
(2000). In that paper, we showed how differences in wage changes between Germany

and the US can be traced back to a differential growth in factors and especially

!The standard institutional explanation suggests that, in countries like Germany and France, the effects
of skill-biased technical change should manifest itself through particularly large reductions in employment
rates of low versus high skilled workers. However, as shown by Card, Kramarz and Lemieux (1999) and
Krueger and Pischke (1997), this does not appear to have been the case.



differences in the ratio of human to physical capital use. An important element
of our analysis was to showed how wage and factor movements in these countries
supported the view that technological adoption is an endogenous phenomenon which
responds to profit incentives. In particular, our estimates indicated that firms in
both these countries have been choosing between two broad classes of methods of
production: where one of these methods of production is skilled biased and capital
efficient relative to the other. Moreover, we found that the differential use of human
versus physical capital can explain, through its effect on technological adoption, the
differences in wage change patterns between these countries. The key question left
unanswered in Beaudry and Green(2000) was why Germany and the US have differed
so markedly in their accumulation paths for human versus physical capital. In this
sense, our previous analysis was partial equilibrium in nature. In this paper, we build
on insights from our previous work in order to propose a general equilibrium answer
to the question of why labour market outcomes have differed so substantially across
industrial countries over the last 20 to 25 year. The main elements of our answer
reside in the effect of different rates of population growth on speed of technological

adoption in conjunction with a massive decline in the cost of computer based capital.

The theoretical exercise we conduct to demonstrate our argument is as follows.
We consider a set of economies at the dawn of the information revolution, that is, at
a point in time after the introduction of computers but before the massive decrease in
its price which led to its huge diffusion. We ask how differences in population growth
affect economic outcomes in this pre-information-revolution environment. We then
allow the cost associated with information processing to decrease substantially and we
reexamine how differences in population growth affect labour market outcomes after
such a change. Our main result is that, if the reduction in the cost of information or
computer capital is sufficiently large, the effects of population growth on economic
outcomes will change radically over the period. In particular, assuming human capital
and new information technologies are complementary, we show why countries with

higher population growth will experience — over the span of such an information



revolution — a poorer performance in terms of wages for low skilled workers, a better
performance in terms of increased employment rates, a larger increase in the service
sector and a larger increase in the returns to education. Moreover, the countries with
higher population growth will appear more dynamic over this period as they adopt
new modes of production to a greater extent and tend to invest more in computing

based capital.

The model we develop shares many features with those presented in the recent
literature. For example, we adopt the consensus view that new methods of produc-
tion are biased in favour of both capital and skilled labour (which is a version of the
capital-skill complementarity assumption), and we focus on the adjustment induced
by a fall in the relative price of information technology. The main new element we
bring to the discussion is our emphasis on the importance of the ratio of human capital
versus physical capital in understanding technological adoption and its relationship
with population growth. There are two main components to the mechanism at work
in our model. The first component involves the effects of population growth on a
country’s relative abundance (or scarcity) of human versus physical capital. In the
spirit of Solow (1956), our model illustrates why countries with high rates of popula-
tion growth are likely to exhibit a relatively high ratio of human capital to physical
capital. The second element at work in our model involves the way a country’s rel-
ative abundance (or scarcity) of human versus physical capital translates into the
adoption of computer based means of production. In particular, if high population
growth economies are economies with a higher ratio of human to physical capital,
then they have a comparative advantage in the adoption of methods of production
with similar factor intensities. However, before the information revolution, the most
dominant characteristic of computer based methods of production is its high physical
capital cost as opposed to its high human capital cost. Hence, in this phase, com-
puter based methods of production are not particularly attractive to high population
growth economies since the factor intensities pattern does not match with its compar-

ative advantage. This leads high population economies to initially adopt computer



based methods of production less than their low population growth counterparts. Af-
ter the information revolution, the pattern reverses. The computer based method of
production is now both human capital intensive and relatively inexpensive in terms
of physical capital cost, i.e., it matches the relative factor supplies in the high popula-
tion growth economies very well. As a result, the high population growth economies
will move from being laggards in adoption of computer based methods of production
to being aggressive leaders. Based on these results, we argue that differential speeds
of technological adoption, driven by underlying differences in population growth, can
account for many of the differences in economic performance observed across countries
over the last quarter of a century. In particular, a greater shift toward the new tech-
nology in high population growth economies explains the greater observed increase
in the returns to education and the poorer wage performance of low skilled workers
in these economies. Moreover, we argue that this effects have been amplified by the
endogenous response of labour supply to changes in the wage structure, which tends
to further increase the ratio of human to physical capital in high population growth

economies.

The remaining sections of the papers are structured as follows. In Section 2, we
present a tractable dynamic general equilibrium model aimed at highlighting how
population growth affects economic outcomes over a period in which there is a mas-
sive decrease in the cost of computer based capital. The main elements included in
the model are that (1) households make saving decisions, education decisions and
labour supply decisions, and (2) firms choose inputs and the method of production
most appropriate to the supplied input. In particular, firms have a choice between
two techniques of production; one which uses intensively computer-based capital and
human capital, while the other uses more traditional capital and is less skill bi-
ased. In Section 3, we derive the effects of population growth on the steady state
of this economy under two scenarios. In the first case, we assume that the cost of
computer-based capital is high and hence the capital costs associated with adopting

the skill-and-computer intensive technology is high. This is what we refer to as the



pre-information revolution period. In the second case, we allow the cost of computer
based capital to fall and we compare how this affects the performance of a high popu-
lation growth economy relative to a lower population growth economy. The results of
this analysis are summarized in Propositions 1 and 2 in Section 3.3. In Section 4, we
discuss the mechanisms driving our results in hope of elucidating the generality of our
argument. We also discuss how our results relate to the literature, and especially how
they relate to the framework used by Krusell & Al. (2000). In Section 4 we present
some empirical evidence in support of our hypothesis. In particular, we present a
comparative study of differences in economic performance, and its relation to popu-
lation growth, in three major economies: the US, (former West) Germany and the
UK. 2 Our goal is to examine a wide range of economic outcomes and to clarify the
unifying mechanism at play. We complement this case study approach with evidence
on changes in wage and employment patterns in 18 industrialized countries. Finally,

in Section 5 we offer some concluding comments.

2 A Tractable General Equilibrium Model with population
growth and endogenous technological choice

Before presenting the details of the model, it is helpful to first overview the general
strategy we adopt to address the issue at hand. The question we wish to address is
complicated by its general equilibrium nature, by the fact that it involves the accu-
mulation of different capital stocks and because it involves an endogenous choice of
techniques of production. Obviously, we require substantial simplifications to proceed
analytically. Moreover, the analysis is further complicated by the fact that we want
to consider a non-marginal change in the economy, that is , the effects of a drastic

reduction in the cost of computing and information processing. To address such a

>The paper and the empirical evidence we present is motivated by our previous work (Beaudry & Creen
(1998),(2000)) which examines the relationships between wages and factor movements in the US and West
Germany, and the US and Canada.



rich issue, we proceed as follows. We first consider a situation where the efficiency of
building computer based capital is low, say as indexed by ;. We then derive the gen-
eral equilibrium mapping which links the rate of population growth in the economy,
denoted by 7, to a set of economic variables of interest, which we can denote by 2.
Let this mapping be represented by the function G(-) where zo = G(0y, 7). We only
examine the steady state mapping of our dynamic model since it is more tractable and
it assures that all potential effects of factor accumulation are taken into account. We
then consider the case where the efficiency of building computers is greatly improved
as indexed by 07 >> 0,. The difference in economic outcomes over time, for an econ-
omy with rate of population growth 7, is then given by z1 — 20 = G(01,1) — G(0, n).
The cross-country difference associated with difference in population growth, which

is our object of interest, is therefore given by the following difference in derivatives:

8(z1 — Zo) o 8G<(91,77) . 8G<(90,77)
o o

This equation summarizes the focus of our paper. We are interested in examining
how the computer revolution changed outcomes in the economy (the numerator on
the left hand side of the equation), with our claim being that differences in population
growth rates across countries (the denominator in the equation) are fundamental to
understanding how the effects of the computer revolution were revealed in different
economies. Note that our model will be able to unambiguously sign the effects of
population growth on changes in economic variables (i.e, offer an explanation to
cross-country differences) only if @89771—’”2 is not the same sign as MG;??—’”Z. Moreover,

if this is the case, the sign of 9G0wm) will need to be the same as that of 8(“8—70)

2
Hence, if for example we want to gXplain why, for a particular z, a(zla—;zo) > 0, our
approach requires us to explain both why @89771—’”2 > 0 and why it is greater than
%ﬁ?’"). In other words, our modeling goal is to show why a reduction in cost of
computer based capital can lead to a reversal of the general equilibrium mapping

from population growth to a set of economic outcomes, and why in the resulting



"new economy’ the effects are in a particular direction. In this sense, our paper is
essentially about showing how the information revolution has created a structural
change in the functioning of the economy and that this structural change explains
why countries with higher population growth have witnessed a particular pattern in

economic outcomes in comparison to low population growth economies.

2.1 The Model

As is now well known?, the reduction in the cost of computer based capital has been
enormous over the last quarter of a century and can reasonably be thought as a major
force impacting on all industrialized economies. The issue that arises in this context is
how best to model the opportunities created by such a change. Our choice is to follow
the approach of Breshnahan et al. (1999), and view computer capital as an essential
input into a new mode of production which is organized in order to exploit the joint use
of human capital and information technology. To this end, we assume that firms have
access to two constant returns to scale (CRS) production techniques (which produce
the same final good): an older, traditional form of production, denoted F(-), which
depends on traditional capital (K), human capital (H) and unskilled labour (L); and a
modern production technique (F*(-)) which depends only on computer based capital
(IT) and on human capital. Hence, as in many recent papers (ex: Acemoglu (1999),
Basu and Weil (1998), Beaudry & Green (1998,2000), Caselli (1999), Zeira (1998)),
we are considering an environment where the choice of technique of production is
endogenous and is determined by firms seeking to maximize profits. In order to
make the analysis as tractable as possible, we will assume that the two production

techniques are as in Equations (1) and (2). 4 However, as we show in the next section,

See for example, Gordon (1990) and Jorgensen and Stiroh(1999).

4Throughout the paper we adopt a closed economy framework. Although this is an important simplifying
assumption, we believe it is a more reasonable modeling strategy than adopting the alternative of a perfectly
integrated financial market. In particular, Obsfeld & Rogoff (2000) reiterate that implications implied by
perfectly integrated international financial markets are not met in the data.



our results are not restricted to these particular functional forms. Equations (1) and
(2) are meant to capture two important properties. First, consistent with much of
the literature, the more modern form of production is skill biased relative to the old
technology, that is, the modern technology uses more skill per unit of output (since
A < 1) and does not use unskilled labour. Secondly, IT capital is an input that

complements human capital.

FO(K,H,L) = min[L°K*, H| (1)
FM(T,H) =min[IT, \H] A<l (2)

A firm’s problem is to choose inputs and production techniques in order to max-
imize profits. Let us denote by 7, 77, 7, and w respectively the rental price of tra-
ditional capital, computer based capital, human capital and unskilled labour. With

this notation, the firms problem can be stated as:

YO+ YM — (1K IT Hy+ H L
voyu B ey L T (ri K + e IT + vy (Hy + Ho) + wl)

s.t.
YO = FOK,H,,L) and Yy = FM(IT H,), Y°,YY>0

Thus, we allow firms to use both techniques of production simultaneously. This
formulation allows for firms to switch smoothly between technologies® We now turn

to the formulation of the household’s problem.

In modelling the household, our objective is choose a specification which results

in simple but plausible supply decisions. To this end, we assume that households live

® Alternatively, and without any implications for our results, we could have forced firms to adopt only
one production technique and maintained continuity by aggregation across firms. Hence our model does not
need to take a stand on whether technological adoption, and its implications, is a within or between firm
phenomena. However, our focus on a one good world is in part motivate by the view that most aspects of
recent technological changes appear to be a within goods or within industry phenomena.



for one period and have a bequest motive which leads to savings. This setup has
the attractive feature (compared to the standard OLG formulation) that it allows
the aggregate savings rate to be independent of the functional distribution of income,

which greatly simplifies the analysis.

In the one period of their life, each individual must decide on the amount of
education to obtain, the amount of savings to bequeath, and the amount of time to
supply to the market. However, for the sake of clarity, we begin by omitting the
labour supply decision. The household’s utility function is given by Equation (3),
where C; denotes consumption, Jf—ﬂ;‘;?—l denotes the bequest per descendent and 7 is the
rate of population growth.®

Cl—a Biyiyi-o
1t_0+ﬁ<11+"_)0, O<o<1l (3)

Given this formulation, the consumption decision leads to individuals consuming
a fraction of their net incomes, with the fraction saved depending positively on the
interest rate . Our results can be generalized to cases where ¢ > 1, however this is
omitted since it implies a savings rate which is a declining function of the interest
rate. 7 Each household is assumed to have one unit of labour time which they supply

to the market and to have 1 + n offspring. ®

If an individual invests in education, his labour time is augmented to include units

of human capital, which we denote by h. In this case, the labour earnings he will

5The case where o = 1 is meant to correspond to a log specification

"The one potentially controversial case ruled out by this specification is the situation where the supply of
savings is perfectly elastic. In particular, our model rules out the long run behaviour implied by an infinitely
lived agent model since such models implicitly imply an infinite long run supply of savings.

8 Alternatively, we could have assumed that each dynasty has only one offspring and that there is a new
set of dynasties, of relative size 1, that enter the economy each period. This latter specification, which gives
identical results, would be a means of capturing a process of population growth driven by immigration. We
could also assume, without affecting results, that individuals care only about the size of bequests as opposed
to the per-offspring size of bequests.



receive from the market will be equal to w; + 1440, that is, the value of unskilled
labour plus the value of his human capital. We assume that the cost of education
associated with obtaining h units of human capital (in terms of goods) is given for
household i by @Q;(h), where Q(0) = Q’(0) =0, Qi(h) >0, Q7(h) > 0. We index the
cost of education by ¢ since we will eventually want to allow for heterogeneity across
households. With these additional elements, we can now state the household budget

constraint as follows.

B,
1+n

= wi + T he — Qi(he) +

(4)

In the above budget constraint, the individual receives as revenue a share: ﬁ of
the bequest B, left by the previous generation and labour earnings net of education
costs equal to wy + rpth — Q(h). The individual uses this revenue to spend on con-
sumption and saves output at a return (1 + r.1) in order to leave a bequest By,1.
Here, we have specified the cost of education in terms of output instead of as a time
cost. This again is adopted to simplify the analysis. The household’s optimal acqui-
sition of human capital must satisfy Equation (5), where it can be seen that human
capital investment will be a non-negative function of the price of human capital rp ;.
The optimal consumption decision is given by equation (5B), where the savings rate

is given by —— +n11 ——. Note that when ¢ = 1, the savings rate is a constant.

B (W)*;”Jrl

Qi(h) —THy (5A)
1 B,
1 1—o h - i h
BR ey e G

Cy = ) (5B)

In order to complete the model, we need to specify how saved output is transformed
into physical capital. To this end, let there be a competitive intermediary which

carries out the task of transforming a unit of saved output today into either one unit
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of traditional capital or #; units of computer based capital for the next period. Hence,
O represents the efficiency level by which a unit of output can be transformed into
computer based capital. It is a non-marginal change in this variable that we will
referred to as the information revolution. The constant return to scale nature of this
transformation technology implies that the rate of return on savings must be equal
to rates of return on both traditional and computer based capital. Assuming full
depreciation of capital stocks across periods (again for simplicity), we therefore have

the arbitrage conditions:

L+7re =71kt =0y (6)

In the absence of heterogeneity across households (i.e., with @;(h) independent of
i) a Walrasian Equilibrium for this economy is a sequence of prices {ws, ru+, Tict, 11,6, Tt}
and allocations {hs, By 1, Li, Hy, Ky, IT;} such that (i) given prices, hy and By solves
the consumers problem (i.e, maximizes (3) subject to (4)), (ii) given prices, L;, K;, H;
and [T} solves the firm’s problem, (iii) the arbitrage conditions given by (6) are sat-
isfied, and (iv) markets clear, that is, Ly = (1 +n), Hy = h(1 + 1), £2=(1 + )"~ =
K, + %, where we have normalized the size of the initial population to 1. We will

focus only on steady state equilibria, that is, time invariant vectors of prices and con-
stantly growing allocations (at growth rate 1) which form a Walrasian Equilibrium
for a given level 0 of the computer efficiency index. Before looking at the properties
of such an equilibrium, and especially the effects of changing 7, we first examine how
the model can be modified to incorporate both endogenous labour supply with het-
erogeneous households, and a service sector. We take this to be an important issue
since the behaviour of employment rates and participation rates have evolved very

differently between countries, as has the size of the service sector.
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2.2 Introducing Variable Labour Supply Decisions and a Household Ser-
vice Sectors

We now want to extend the household’s problem to incorporate two new decision vari-
ables, which are time supplied to the market, denoted [;, and the amount of household
related services purchased from the market, s;. The tradeoff we envision involves the
household fulfilling its needs in terms of a domestic good either by withdrawing time
from market activity or by buying related services on the market. To this end, let us
denote by D(1 — 4, s¢) the household’s production of domestic goods achieved when
1 —; of time is devoted to household production and s; services are bought on the
market (at price pf). Furthermore, let us assume that the household’s requirement
in terms of domestic services is a fixed amount d and that, for simplicity, the func-
tion D(-) takes the following form D(ls,s:) = Do(1 —1;)* +s:, 0 < «a < 1. The

household’s problem can therefore be stated as:

oo (Btil )1—0
t 1+

max + f—=

ct, Bet1,ht,le,5¢ 1l—0 1l—0

S.t

D(l — lt, St) =d

ot gt = (we + rugho)le — Qihe) — pise + s

The first order condition associated with the household’s labour supply decision,
which is aD,(1 —[;,)*~! = wt+;f "t implies that the time spent in the market will
1

be positively related to the ratio of the household’s effective wage (w + ryh) and

the price of household related services (p®). Hence, changes in relative prices affect
labour supply decisions. In order to see this mechanism most clearly, let us introduce
heterogeneity between households and eliminate the education decision by assuming
that there is a measure m of households which obtain no education and a measure

1 — 7 with obtain education level hy (without loss, we can therefore disregard the

12



cost of education in this case). Furthermore, let us assume that household services s
are produced in the market using a CRS to scale production function which produces
one unit of services with one unit of unskilled labour. This will imply that the price
of services is equal to the price of unskilled labour, w;. In this case, which will be
our case of reference when we refer to the case with endogenous labour supply °, the
labour supply decision of the no-education household is not affected by changes in
either wy or ¢ (since only the ratio of w: to p; enter the FOC, and this ratio is 1).
However, the labour supply decision of the more educated household will be affected
by changes in the wage structure. In particular, the educated household’s labour
supply is positively affected by an increase in the price of skill labour r; relative to
the price of unskilled labour w;. This ratio is generally referred to in the literature
as the return to education, and we will adopt this convention, even though in terms
of goods (which is the usual benchmark for most returns), the return to education is
P10

A Walrasian Equilibrium for the economy with endogenous labour supply and two
types of households , denote by ¢ = 1 or 2, is a sequence of prices {ws, Ty, Tk 4, Tr7.0s Tt D5 }
and allocations {l1+, l2+, B1t11, Boty1, S1t, So.t, Lty Hy, Ky, [T} such that (i) given prices,
lisy 8ip and B; 411 solves the consumers problem given h = 0 for ¢ = 1 or h = hy for
i = 2, (ii) given prices, L;, K;, H; and IT; solves the firm’s problem, (iii) the arbi-
trage condition given by (6) is satisfied and p; = wy, and (iv) markets clear, that
is, Ly = (L+ n)'(m(lie —s14) + (1 = m)(lae — s2.4)), Hy = (1 —m)ho(1 + n)t, (mB1s +
(1 =) Bay)(1 +n)7 = (K + HE)(1 + 7). We will again only focus on the steady
state equilibrium, that is, the time invariant vector of prices and constantly growing

allocations (growth rate ) which form a Walrasian Equilibrium for a given level 0.

®Note that the more general cases with heterogeneity and simultaneous educations and labour supply
decisions can be handled, but without any gain in terms of results or insight.

OWe note this difference in vocabulary since it often leads to confusion. In particular, if a production
function is convex, an increase in the use of human capital use will always imply a reduction in the return to
education in terms of goods, but does not necessarily imply a reduction in the return to education in terms
of the price of unskilled labour.

13



Furthermore, for reasons we discuss later, we focus on the case where «, which gov-
erns the elasticity of labour supply, is not too large. Note that if we were to assume
that « = 1 (infinite elasticity), this would by assumption pin down the returns to

education and hence defeat the purpose of the analysis.

3 Equilibrium Analysis

In this section, we will perform four comparative static exercises. In the first instance,
we will examine the effects of population growth for the situation where computer
based capital is relatively expensive, that is, where 6 is low. In this state, the adoption
of the new computer-and-skill intensive technology will be costly in terms of savings
and hence will not be favoured by high population growth economies. We examine
outcomes in the versions of the model in which: i) human capital accumulation is
endogenous, and ii) when labour supply (and hence the size of the household service
sector) is endogenous. We then examine how a large reduction in the cost of computer
based capital modifies economic outcomes. Our main result is that, if the reduction
in the cost of computer based capital is sufficiently large, the effects of population
growth on the economy will change drastically and in a direction consistent with
what is actually observed in terms of differences in economic outcomes between high
and low population growth economies in recent times. The intuition for these results
is based on the tendency for high population growth economies to have a relative
high ratio of human to physical capital, leading them to favour technologies with
similar factor intensities. Although the modern technology always uses human capital
intensively, in the pre-information revolution when IT capital is very expensive, high
population growth economies tend to produce using mainly the traditional technology
since the physical capital costs associated with the modern technology are too high.
However, when the computer revolution generates a dramatic decline in the cost of I'T

capital, it becomes particularly advantageous for high population growth economies

14



to switch toward modern mode of production since the latter has both less expensive
capital costs and make more use of human capital. Hence, high population growth
economies will tend to leapfrog over low population growth economies in terms of their
adoption of the new technology (and new mode of work organization) as a means of
taking advantage of their comparative advantage in using modes of production with a
high ratio of human versus physical capital. Thereby countries with high population
growth will experience a more radical change in the structure of their economies as
it transits through the information revolution. In this sense, our model suggests that
the information revolution creates a structural change which is especially evident in

high population growth countries.

3.1 The Pre-Information-Revolution Era

The adoption of the modern technology FM(IT, H), as specified in Equation (1),
depends on the parameter A and on the cost of computer based capital which is pa-
rameterized as %. As we have previously indicated, we will assume throughout that
this new technology is skill-biased in the sense that A < 1. This is consistent with
much of the recent literature which emphasizes the skill-biased aspect of recent tech-
nologies, and it is consistent with Goldin & Katz’s (1998) longer term view suggesting
that most techniques of production introduced in the 20th century were skilled biased.
Moreover, we wish to assume that the technology is relevant in the sense that, at the
prices that would prevail in the absence of this technology, it would be profitable to
adopt the technology. This corresponds to the requirement that % + CfL <1, where
r% and rj; are the prices that prevail in the absence of the modern technology, and
where 0y denotes the value of # in this initial era. Finally we also want to be con-
sistent with Goldin & Katz’s evidence that new technologies, at least when they are
first introduced, have predominantly been capital intensive as well as skill intensive.
In effect, we will assume that the computer based technology was heavily capital

intensive (in terms of dollars of capital cost per unit of produced output) when it
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was first introduced (ex: think of robotics), that is, we will assume that its relative
capital intensity was initially more important than it skill intensity. The current em-
phasis on the importance of educated workers in production appears to us to be a
phenomenon that has followed the massive decrease in the price of computer based
capital as opposed to preceding it. To state the requirement formally, let k* denote
the capital-output ratio in the traditional production method. Our main assump-
tion about the Pre-Information-Revolution era is that the physical capital to human
capital ratio in the new technology, which is % once properly normalized for the dif-
ference in types of capital, is greater than the corresponding ratio in the traditional
technology, which is given by +. !!

We are now in a position to examine how different rates of population growth will
affect economic outcomes, under the assumption that the efficiency index associated
with building computer based capital is relatively low. However, before deriving the
first set of results, it is worth emphasizing that we do not think that these preliminary
results are of direct empirical relevance since they refer to levels of variables, which in
reality are influenced by a whole set of country specific factors other than population
growth. For example, countries may differ in their overall efficiency in production (as
captured by something like overall TFP) and differences in education systems across
countries may make level comparisons difficult. Nevertheless, by adopting a ”before
and after strategy” in our theoretical model, we can derive a set of predictions which
are robust to both country fixed effects (e.g., levels of TFP, differently measured
price indices) and to arbitrary but common time effects (e.g., trend growth in female

labour supply, overall TFP growth). With this in mind, we now turn to deriving a

1Tt is interesting to note that the working of the economy under this assumption will be consistent with
most conventional views of the functioning of the economy. For example, in this pre-information revolution
era, (1) an increase in capital accumulation due to increased saving is especially beneficial to highly skilled
workers and (2) an increase in human capital due to greater investments in education will lead to a reduction
in both the rental price of human capital as well as the returns to human capital in terms of the low skill
wage. Hence, it is an assumption that corresponds to assuming that in this pre-information revolution
phase, the economy behaved in a rather conventional manner. The important issue for us is to show how
the simple reduction in the cost of computer based capital, starting from a rather conventional state, can in
effect drastically change the behaviour of the economy.
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set of results without relating them to observations. We will wait until the end of
this section, where we contrast the “before and after predictions” (in Propositions 1

and 2), before relating the theoretical results to empirical counterparts.

The first Lemma examines the effects of differences in population growth rates on

a set of variables.

Lemma 1A: In the steady state of the economy with endogenous accumulation
of human and physical capital, when 6 = 6y (the pre-information revolution era), a

higher population growth rate is associated with:
e A higher price of unskilled labour (w)
e A lower price of human capital (rg)
e A lower return to education (7).

e A lower level of output (per capita) produced using the modern mode of orga-

nization.
Proof: See Appendix A

The key mechanism underlying Lemma 1 A is one similar to that emphasized in the
neo-classical growth model as developed by Solow (1956), that is, in a high population
growth economy physical capital tends to be relatively scarce due to the constant need
to use savings to equip new labour market entrants. However, this relative scarcity
of physical capital is not in general transmitted proportionally to human capital
since the latter responds more directly to the size of new cohorts. In particular, our
model illustrates why high population growth economies are likely characterized by a
relatively high ratio of human to physical capital. The second element to note is that
in the pre-information revolution era, the capital cost associated with adopting the

new technology is high relative to its cost in terms of human capital. Hence, in the
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economy with a higher population growth rate, where physical capital is the relatively
expensive factor compared to human capital, the incentives are for firms to refrain
from adopting the new technology aggressively since they do not have a comparative
advantage in doing so. Given that the new technology is more widely adopted in low
population growth economies and that it is skill biased, the price of human capital
will tend to be higher in the low 7 economies. Furthermore, the adoption of this
new technology is to the detriment of low skilled workers as it reduces investment
and available skill in traditional modes of production, which are both complementary
to unskilled labour, implying a low price of unskilled labour in the low population
growth economies.'> We now examine how the introduction of variable labour supply

affects these results.

Lemma 1B: In the steady state of the economy with endogenous accumulation
of physical capital and endogenous labour supply, if = 0,3, a higher population

growth rate is associated with the same effects as noted in Lemma 1A plus:
e A lower employment rate.

e A lower per capita level of employment in the service sector.

Proof: See Appendix B

The intuition for Lemma 1B is as follows. Since the economy with the high rate
of population growth does not tend to adopt the new technology aggressively in the
pre-information revolution era, it tends to have a more equal wage structure. In

turn, the more equal wage structure is a deterrent to market transactions in services

12Note that this process of reallocation of factors across different modes of production, and it implications,
is akin to that presented by in Caselli (1999) and in Beaudry & Green (1998,2000).
¥This Lemma holds true for all values of 0 < o < 1.
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between more and less educated household. Hence, the employment rate tends to
be lower in the high population growth rate economies relative to the low growth
rate economies, as does the size of the service sector. Note that the effect of allowing
endogenous labour supply in this case is actually to dampen the direct effects induced
by differences in population growth, that is, with endogenous labour supply decision
countries with different rates of population growth will tend to have more similar
outcomes than in the absence of an endogenous response of labour. The reason is that
by reducing labour supply, the high population growth rate economies are actually
reducing the relative scarcity of physical capital relative to human capital . It may
therefore be the case that, in the pre-information revolution era, the endogenous
response of labour causes the net effects of population growth on wages to be of small
order. We will see that the opposite is true in the post-information revolution era,
that is, the labour supply response tends to amplify the effects induced by population
growth on the wage structure. This may explain why wage effects due to differences

in population growth may have become apparent only more recently.

3.2 The Post-Information Revolution Era

We now examine how population growth affects economic outcomes when the cost
of producing computer based capital is low. The following two Lemmas address this
issue by examining the case where there has been a sufficiently large decrease in the

cost of computer based capital.

Lemma 2A: There exists a 6* > 6y such that, if 8 > 6%, in the steady state of
the economy with endogenous accumulation of human and physical capital, a higher

population growth rate is associated with:
e A lower price of unskilled labour (w;)

e A lower price of human capital (rp)
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e A higher return to education ().

e A lower per capita level of output produced using the traditional mode of orga-

nization.
Proof: See Appendix A

The effect of a large enough reduction in the cost of computer based capital is to
change the relative cost structure of the modern versus the more traditional mode of
production. A sufficient increase in 6 is therefore almost like inventing a new mode of
production, that is, a technology that uses human capital intensively and is efficient in
its use of physical capital. This particular pattern of factor intensities conforms well
to that available in high population growth economies and hence they naturally move
to adopt this new form of production. Since low growth economies do not exhibit
the same factor ratios, they adopt it less aggressively. Again, greater adoption of the
modern technology means less human and physical capital allocated to the traditional
technology and, hence, a lower unskilled wage. Moreover, the decrease in the price of

IT favors skilled workers and hence leads to an increase in the returns to education.
14

Lemma 2B: There exists a 8** > 0y such that in the steady state of the economy
with endogenous accumulation of physical capital and endogenous labour supply, if

6 > 6** (the post-information revolution era) and if a is not too large'®, a higher

“Given the work by Blanchard (1997), it would also be of interest to know the predictions of our model
with respect to the income share of capital. Although this effect in not unambiguous in our model, we are
able to show that, if the endogenous response of human capital is not too large, the low population growth
economy with exhibit a higher income share of capital in the post-information revolution era.

5 The more general statement is that there exists a o* such that if & < o, then the statement given in
Lemma 1B is true, otherwise the opposite is true. We choose to focus only on the case where a < o™ since
the opposite case does not appear very relevant. In particular, in the case that o > o™, a higher population
growth is associated with a lower interest rate since the scarcity of capital associated with high population
growth is more than offset by the endogenous response of labour supply. An easy way to visualize what is
happening when « is sufficiently large is to note that the general equilibrium supply and demand curves for
capital no longer cross in the standard fashion.
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population growth rate is associated with the same phenomena as noted in Lemma
2A plus:

e A higher employment rate.

e A high per capita level of employment in the service sector.

Proof: See Appendix B

The mechanisms at work in Lemma 2B are the same as those behind the earlier
results. In the post-information revolution era, the high population growth economy is
adopting the modern technology aggressively thereby leading to a greater disparity in
wages between low and high skilled individuals. This disparity in wages in turn favours
greater market transactions in services between high and low skilled household. In
effect, households with high levels of human capital increase their labour supply and
purchase a greater amount of services in the market. This leads to a higher rate of
employment and a larger service sector. In addition, the effect of labour supply in this
case is to amplify the effects stated in Lemma 2A. For example, as the more educated
household offers more labour in the market this further favours the adoption of the
modern form of technology since it is skilled biased. Capital will be shifted toward the
modern technology, further increasing the capital scarcity in the traditional mode of
production. With less capital applied to the traditional technology, low skilled wages
drop and the role of low skilled workers as providers of services to the more educated

households is expanded.

3.3 The performance of high and low population growth rate economies
over the span of the information revolution

In this section we simply gather together the elements presented in Lemmas 1A,1B,2A

and 2B in order to emphasize the predictions of our model in terms of changes in factor
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prices and production structure realized over the span of an information revolution.
Recall, that it is the contents of Propositions 1 and 2 which we believe are empiri-
cally relevant since, due to the ”before and after” nature of the exercise, only these
predictions are robust to potentially omitted country fixed effects or other common

time trends.

Proposition 1:In the economy with endogenous accumulation of both physical
and human capital, if there is a sufficiently large reduction in the cost of IT capital

(starting from 6 = 0), then the higher an economy’s rate of population growth rate

e The poorer the performance in terms of the price of unskilled labour.

e The greater the increase in the returns to education. '¢

e The greater the change towards using the modern mode of organization more

intensively.!”

Proof: These results follow directly from Lemma 1A and Lemma 2A and the logic

presented at the beginning of Section 2

Proposition 2:In the economy with endogenous accumulation of physical capital,
if there is a sufficiently large reduction in the cost of IT capital (starting from 0 = 60p)
and if « is not too large, then a higher the rate of population growth implies the same

effects as stated in proposition 1 plus it implies,

5Note that the effect of population growth on the change in the price of human capital, as opposed to the
return, is ambiguous. Moreover, the model is consistent with countries having similar changes in educational
attainment but large changes in the return to education.

YFrom Lemma 1A and 2A, we know that a high population growth economy goes from having a relatively
low level of activity in the modern technology to having a low level of activity in the traditional technology.
It is in this sense that we can say that the high population growth economy exhibits a greater change towards
using the modern mode of organization more intensively. If furthermore we assume that the elasticity of
education supply is not too great ( @Q” >> 0), then over the course of the information revolution, it can
be shown that the high population growth economy is actually characterized by a greater increase in the
fraction of output produced using the modern form of organization.
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e a larger growth in per capita employment.

e a larger growth in per capita employment in the service sector.

Proof: These results follow directly from Lemma 1A and Lemma 2A and the logic

presented at the beginning of Section 2

The general picture that emerges from Proposition 1 and 2 is one suggesting that
the information revolution can affect economic outcomes across countries very differ-
ently simply because countries differ in their rates of population growth. In effect,
these propositions suggest that high population growth economies may experience a
transformation induced by the information revolution which, both in terms of the
structure of wages and in terms of the structure of production and employment, is
much greater is scope than that induced in low population growth economies. The
intuition behind these propositions is the same as that discussed with the Lemmas.
In our framework, the information revolution causes modern production processes
(or modern form of work organization), which rely on computer based capital, from
initially being processes which are relatively costly in terms of capital expenditures
to processes which are inexpensive in terms of capital expenditures. ® Due to this
change, countries with high population growth rates find it to their advantage to
aggressively adopt the more modern form of production as a means of taking advan-
tage of their relatively high ratio of human capital to physical capital. Thus, these
countries move from being slow in implementing new computer based technologies
(like robotics in the seventies), to being the leaders. The shift toward the modern
technology implies a shift away from the traditional technology which harms the low
skilled workers employed there. The low skilled workers then respond by exploit-
ing new opportunities in the service sector. The more skilled workers in the high

population growth economies recognize the gains associated with reducing their time

1871 effect, these processes become ones where the major cost disadvantage is terms of human capital as
opposed to physical capital.
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devoted to household services and instead supply more time to the market and buy
more services. Both these latter effects play an amplifying role in the entire process,
potentially causing small differences in population growth to generate large differences

in wage profiles and employment patterns.

4 Generalization and Related Literature

Propositions 1 and 2 have been derived within the confines of a specific model with
particular parametric assumptions. It is therefore natural to ask: (1) what are the
general mechanisms driving these results and (2) are these mechanisms robust to the
relaxation of of key assumptions. In order to an answer these questions, we begin
by noting that there are essential four elements driving our results. The first relates
to the mechanism by which population growth affects a country’s accumulation of
factors. The second relates to how the economy functions when the capital cost
associated with the skill biased (modern) technology are relative high. The third
relates to how the economy functions when the capital costs associated with the skill
biased (modern) technology are relatively low. The fourth element relates to whether
a sufficient reduction in the relative price of computer based capital (the type of
capital used in the modern technology) will cause the economy to go from a situation
where the modern technology has relatively high capital costs to one with relatively
low capital costs (a condition that we make precise below). The mechanism by which
population growth affects factor intensities in our model is similar to that in Solow
(1956), and hence is quite conventional. As we discuss below, the second and third
elements are also quite general in nature. It is the fourth element that is the most
particular and difficult to prove. This may be surprising given that the fourth element
appears at first glance to be almost trivial. However, given that this element involves
a non-marginal change in the dynamic general equilibrium setting, it is the one which

is more involved and therefore required us to be more specific. Let us be more precise
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about each of the last three elements.

In order to understand the building blocks behind our results, it is helpful have
a notation for factor input requirements for each type of technology. To this end,
let [T, KG, HS, HY, LS, denote unit factor input requirements given a vector of
factor prices W. For example, IT} represents the amount of IT capital per unit of
output used in the modern technology given a vector of factor prices are W. In the
particular parameterization given by Equation (2), IT{# is simply equal to 1. We will
maintain here— although it can also be generalized — the assumption that the modern
technology uses only human capital and IT capital, while the old technology uses
human capital, traditional capital and unskilled labour. Given this notation, we can

say that at factor prices W the modern technology is skill biased and relatively costly
IT!MI: M

in terms of capital if ﬁ > % > 1. Correspondingly, we can say that the modern

M my

technology is skill biased and relative inexpensive in terms of capital if %“OK >1>

w w

(note that these are just definitions). As shown in the proofs in the Appendices,
without using specific assumptions about the production technology, we can make
the general statement that if the pre-information revolution era is characterized by

the modern technology being skill biased and relatively costly in terms of capital (i.e.
my M
= > %VOK > 1), then all the comparative static statements in Lemmas 1A and 1B
w w
follow. Furthermore, if in the post information era, the modern technology is skill
M

M W
biased and is relatively inexpensive in terms of capital (i.e. %“OK > 1 > —&), then
w w
all the comparative static statements of Lemma 2A and Lemma 2B follow.'® Thus,
the second and third elements needed to prove Propositions 1 and 2 can be viewed

as quite general.

The more difficult element to show is the conditions under which a sufficiently large

PFor the elements of Lemma 2B to follow, we need to maintain the assumption that the elasticity of
labour supply with respect to the return to education is not too large. See the discussion in footnote 15.
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M
. . . . . W opgM
increase in ¢ necessarily moves the economy from a situation where - > & > 1
w w

M
to one where 75 > 1 > —%-. Here the particular parameterization of technologies
w w

given by Equations (1) and (2) are helpful since they reduce the above statement
to showing that, for a sufficiently large increase in #, we necessarily move from a
situation where % > % to one where 1 > % Although we have proven this
third element onlngfor a particular parameterizz;gon, we nevertheless believe that the
insight is more general. The argument is as follows. In the pre-information revolution
period, when the relative price of computer based capital is high (0 low), the capital

cost per unit of output produced using the modern technology will most likely be
M

W M
high. In this case, the factor intensity condition % > f]—.—W > 1 is likely satisfied
w w

with the associated comparative static implied by Lemma 1A and 1B. In contrast,
after the information revolution, when the cost of computer based capital has fallen

drastically, the capital cost per unit of output produced using the modern technology

M my
is likely to be low. In this case, the factor intensity conditions %“OK > 1> % are
w w

likely to be satisfied implying the comparative static results stated in Lemma 2A and
2B. In other words, a drastic fall in the cost of computer based capital is likely to
cause a factor reversal of the type where capital costs were initially relatively high
for the modern versus older technology but become relatively low over time. Thus,
over time the skill biased aspect of the modern technology becomes dominant. Our
approach has been to show this intuition is in effect entirely verified for the simple

and tractable case where the technologies satisfy Equations (1) and (2). %

20Tn a deep sense, there is nothing theoretically new in our approach since we are simply illustrating how
a factor reversal can cause drastic changes in the functioning of an economy, which is a rather well known
phenomena for trade theorists. However, in an applied sense, what is new in this paper is that we are
showing why the reduction in computer based capital can, in and of itself, cause a factor reversal that is
precisely of a type which can account for many of the observed differences in economic performance across
countries.
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4.1 Related Literature

There are two main strands of literature related to this paper. On the one hand, there
is the literature aimed at explaining recent changes in the wage structure (Example:
Katz and Murphy (1992), Bound & Johnston (1992), Acemoglu (1998,99), Beaudry &
Green (1998,2000),Caselli (1999), Heckman, Lockner, Taber (1999)). This literature
has focused primarily on explaining the observed increase in the returns to education
in the US . On the other hand, there is the literature which examines how reductions
in the cost of computers (or equipment more generally) can explain a set of recent
phenomena (Ex. Greenwood & Yorukoglu (1997), Greenwood, Hercowitz and Krusell
(1997), Greenwood & Jovanovic (1999), Krusell, Ohanian, Rios-Rull and Violante
(2000)). In particular, the paper by Krusell, Ohanian, Rios-Rull and Violante (2000)
bridges these two literatures by examining the extent to which the decrease in the
cost of equipment, due to capital skill-complementarity, can account for the increased
returns to education observed in the US. Since this later paper is most closely related
to our discussion, and because it emphasizes effects that may appear opposite to those
implied here, we want to highlight the similarities and differences between the two
approaches. It should be immediately noted that the paper by Krusell & al. does
not address the same issue as the one emphasized here, and therefore a comparison

is not straightforward.

The main similarities between our model and that of Krusell et al. involve the fac-
tor environment. In particular, both papers use the same four factors of production,
and both approaches assume that computer based capital is complementary to skilled
labour. Furthermore, the relative cost between the two types of capital is treated as
an exogenous variable. The main differences between the two modeling approaches
involve differences in the specification of factor supply decisions, and differences in the
specification of the aggregate technology. Although the differences in the specification

of factor supplies has bearing on the issue at hand, we think that the most important
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and relevant difference involves the specification of the aggregate technology. Hence
we will focus on clarifying how our results would be different if we adopted Krusell
and al’s specification of aggregate technology as opposed to our approach where the
aggregate technology is determined endogenously in response to firms’ optimal choice
of techniques. Furthermore, we will indicate how the two approaches can be differ-
entiated empirically. For ease of presentation, we will maintain our notation and
use the production function FA(K,IT, H, L) = K H*(aIT + (1 — a)L)!=172 ag

representative of that used by Krusell and al..?!

Let us first emphasize that in our model there is a well defined aggregate produc-
tion function that can be compared with the one used in Krusell and al.. In effect, the
aggregate production is our model is simply the envelope function F(K, [T, H, L) de-
fined by (K, IT, H, L) = maxgo yu FO(K, H®, L)+ FM(IT, HY) s.t. HM + H® =
H. However, it is not very illuminating to compare FA(K,IT, H, L) directly with
F(K,IT,H,L). Instead, what is interesting is to compare the implications of each

of these two aggregate production functions for the relationship between the return

Ir
[

the aggregate capital stock which is affected by population growth. To this end,
let us define FA(K, H, L,0) as the envelope function given by max FA(K, IT, H, L)
st. K = K+ L and let F(K,H,L,0) be defined in a similar fashion. These two

e
new production functions, which are given below, are simply the aggregate produc-

to education and the aggregate capital stock, defined as K = K + since it is

tion functions defined over the aggregate capital stock, assuming that the aggregate
capital stock is efficiently allocated between traditional capital and computer based
capital. Since both models assume that capital is efficiently allocated, these two

reduced form production functions are relevant aggregate production functions. 22

21This is a special case of the production function specified in Krusell and al. We choose this special case
since it allows to make the comparison most easily.

22These functions are convex and hence an increase in a factor necessarily reduces it own marginal product.
Furthermore, since these function satisfy CRS, their derivatives only depend the ratios % and % Note that
we only report the specification of the function F (f( ,H, L,0) for factor profiles where both technologies are

in use and where all factor prices are positive.
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We can now compare the implication of each model for the returns to education,
tL as given by the ratio of marginal products. For the specification used by Krusell

and al., the relationship between returns to education and factor use is given by:

rg (K, H,L6) (
w  FMK,H,L,0)

O(1 —a)ay K o L
=) T U=and

As can be seen, with the specification used by Krusell and al., an increase in %
(holding £ fixed) is always associated with an increase in the returns to education,
even though they justify only the assumption that [T capital increases the returns to

§LIL
skill. In contrast, in our model the signs of AL changes depending on whether we are
H

H
in the pre or post information revolution era. In effect, the signs of (Lf in our model

is directly related to whether or not the capital cost associated with the modern (skill

biased) technology is relatlvely hlgh In particular, in the pre-information revolution

H —~
population growth (which have lower ratios of %) are associated with lower returns to

education. However, the opposite is true in the post-information revolution era, that
is, in the post-information revolution era of our model i is negative and hence high
population growth economies are predicted to exhibit greater returns to education.
It is this effect which is central to our mechanism. In particular, the reason we
obtain the comparative statics given in Propositions 1 and 2 is that, by adopting
a framework with endogenous technological choice, we are allowing the pattern of

factor substitution to be determined endogenously and thereby change in response to
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the information revolution. Obviously, it is an empirical issue whether, in the post
information revolution era, an increase in the aggregate capital stock is associated
with an increase or a decrease in the returns to education. It is interesting to note that
Flug and Hercowitz (2000) find, as assumed in our framework, that different types of
investments have opposite effects on the demand for skilled labour. In effect, Flug and
Hercowitz (2000) report that equipment investments increase the relative demand for
skilled workers while other investments reduce this relative demand. Moreover, the
cross-country evidence presented in Beaudry & Green (1998,2000) provides support
for the view that, in aggregate, increases in capital intensity are associated with a
decrease in the returns to education over the period of interest, as opposed to an

increase as assumed in Krusell and al..

5 Some Empirical Evidence

Propositions 1 and 2 summarize the implications of our model in terms of how cross-
country differences in population growth translate into differences in wage and em-
ployment growth arising over the course of the information revolution. The means
we choose to examine these implications is to first perform a case study based on ob-
served developments in West Germany, the United Kingdom and the United States
since the mid seventies, and then to look more widely at the effects of population
growth in a broader set of industrialized countries. The first approach has the ad-
vantage that we can use individual level data to construct wage variables that are
more reliable and closely related to the theory; while the second approach has the
advantage of highlighting patterns across a wider set of countries, albeit with less

appropriate data.

Recall that the key common force in our model is the decline in the cost of using
computer based technology. It is the interaction of this force with differences in popu-

lation growth rates that we believe explains many of the differences in recent economic
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performance across industrialized countries. To provide a sense of the importance of
the fall in the price of information technology, we plot Jorgensen and Stiroh(1999)’s
series on the price of investment in computers in the US in Figure 1. This series is
the result of their extensive work using specific categories of capital investment. 23
The plot conveys the dramatic decline in the price of computers. There is clearly a

“revolution” in the price to firms of investing in computers over this period.

5.1 A Case Study of West Germany, the United Kingdom and the United
States

The object of this section is to examine the evolution over recent history of a set
of economic variables — where each is an empirical counterpart to those stated in
Proposition 1 and 2 — for three major industrialized countries: the US, (former west)
Germany and the UK. ?* Our interest in these three countries is that they provide a
good platform on which to compare the relevance of our theory to a stylized institu-
tional explanation. Recall that the standard institutional explanations for differences
across countries argue that developed countries have face similar underlying techno-
logical changes over the recent period but that differing institutions have translated

these into different patterns for labour market outcomes.

To begin, in Table 1 we report average population growth for these three countries
over the period 1960-97. As can be seen, trend population growth in the UK and

in West-Germany were rather similar from the sixties to the nineties, and are again

28 Jorgensen and Stiroh use BEA data, combining investment data on mainframe computers, personal
computers, direct access storage devices, printer, terminals, tape drives, and storage devices into a single
?computer” series. They use the BEA estimated price indices which hold the quality of this equipment
constant.

24Tn Beaudry and Green (2000), we propose and implement (using US and German data) a more structural
approach to evaluating a model which has properties akin to those used to derive in Lemma 2A. In this
sense, the evidence presented in Beaudry and Green (2000) should be viewed as complementary to that
presented here. In particular, the reader interested in a more formal means of evaluating elements of the
current theory should refer to that paper.
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Table 1: Annual Population Growth (%)

W. Germany | United Kingdom | United States
1965-90 0.33 0.25 1.2
1975-90 0.15 0.16 1.0
1990-97 0.27(97_g0) 0.13 1.0

rather similar since German unification. We omit the 91-92 period for West Germany
from our calculations of population growth since it represents a one time jump in
population, as opposed to a change in trend population growth. In contrast, the
trend rate of population growth in the US was of the order of 4 to 6 times greater over
this period. Hence, our theory would predict that wage and employment outcomes
for Germany and the UK should be quite similar to each other but systematically
different from the US. In comparison, the institutional view suggests that the US and
the UK experiences should have been more similar over the period, since they have

more flexible institutions, whereas the German experience should be the outlier.

Our choice of the time period over which to compare labour market outcomes
for these three countries is driven by both theory and data availability. On the one
hand, the theory has predictions for cross-country differences in changes in economic
outcomes; where the change should be measured from a point in time just before
the mass affordability of computers and ending at a point in time sufficiently distant
to allow firms and individuals to adjust. Therefore, an appropriate starting point
appears to be somewhere around the mid seventies, since the first user-friendly com-
puter (the Apple) was introduced in 1976 and it was made widely available in most
industrialized countries within a few years. Greenwood and Yorukoglu (1997) suggest
1974 as the relevant break year. The best end point is probably as close as possible
to the present. On the other hand, we are restricted by data which will not always

allow us to start as early as we wish.
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We begin by portraying movements in the wage structure in the three countries.?
Recall that in terms of wages, the theory has implications for movements in both the
price of unskilled labour as well as the returns to education. Such movements in the
structure of wages can be captured by estimating linear (log) wage-education profiles,
where movements in the intercept capture movements the price of unskilled labour,
while movements in the slope captures movements in the returns to education.?®
Since the UK and Germany have similar rates of trend population growth, the theory
implies that the UK and Germany should exhibit similar patterns for changes in both
the intercepts and slopes of (log)wage-education profiles, while the US should exhibit
a poorer performance in terms of changes in the intercept of these profiles and a

greater increase in the slope.

We obtain relevant data (hourly wages, education levels, gender, etc) for the US
from the Panel Study on Income Dynamics (PSID) and for Germany from the German
Socio-Economic Panel (GSOEP). Both are panel datasets in which a set of families
and their off-shoots are followed across time. We make use of an Equivalence File
constructed by GSOEP researchers which provides comparable data constructs from
the PSID and the GSOEP. ?" The PSID data in the equivalence file is available from
1979 to 1996, while the GSOEP data is available from 1983 to 1996. 28

The UK data we use comes from General Household Survey (GHS) for the years
1979 to 1996. 2° The GHS is a representative survey of individuals in England,

Scotland and Wales. It is based on a survey of between ten and twelve thousand

ZThroughout our discussion, we focus on the former West Germany both before and after reunification.
This allows us to make more consistent across time comparisons.

PTf wages are equal to w + rgh, the log wages are approximately equal to log(w) + tiLp, hence the
intercepts from estimating log-wage education profiles capture changes in the price of unskilled labour while
change in the slope capture changes in the return to education.

2TThese files are constructed and maintained by the German Institute for Economic Research, The De-
partment of Policy Analysis and Management at Cornell University, and the University of Michigan.

ZWe do not take advantage of the panel nature of the data, using it as a series of cross sections. In each
case, the data are not perfectly representative of the population as a whole and therefore we make use of
weights provided in the data sets in all our calculations.

29We thank David Card for helping us get access to the GHS data.
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households per year and is conducted continuously throughout the year. Information
is collected on personal demographic and labour market data for a respondent with
some added information on the head of household and spouse. However, education
data, which is central to our analysis, is collected only for the main respondent and

so we focus on their data.?

For all three countries, we use data for all individuals between the ages of 16 and
65. Our wage measure in each case is the hourly wage. This is constructed by dividing
total annual labour earnings by annual hours of work as reported in the Equivalence
File for the US and Germany. For the UK it is constructed using annual earnings,
weeks worked and usual hours per week variables 3! The constructed hourly wages

are deflated using a country specific GDP deflator.

A potential concern in discussing wage-education profiles for these three countries
is the comparability of years of education measures across datasets. For the US, the
years of education measure is based on an answer to a question about the highest
number of years of schooling completed. For West Germany, years of education is
a constructed variable based on norms for various reported completed levels of edu-
cation. The years of schooling variable in the Equivalent File contains an attempt
to generate a measure that is comparable to the US measure and includes attempts
to account for educational contributions from apprenticeship programmes. For the
UK we use Schmidt(1995)’s generated variable which essentially equals the age the
individual left full-time education minus 5. While these are attempts to generate
comparable education measures, the results are undoubtedly not perfectly compara-
ble. However, we analyse within country patterns separately, effectively allowing for

different wage levels and education differentials across countries. Our key assumption

%0There are no reported sampling weights in the version of the GHS we use and thus the UK data is not
reweighted in any of our estimation.

31Tn the GHS before 1982, usual hours are divided into regular and overtime hours. Plots of the data
suggest to us that the best match to the post-1982 GHS data is created by using only regular time hours
before 1982.
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is that we can meaningfully compare time patterns in wage levels and wage-education
differentials across countries even if we do not regard comparisons of the levels and

differentials in a given year as necessarily very informative.

In order to summarize the main wage-education patterns, we regress the log of the
hourly wage on a full set of year dummy variables, the number of years of education,
the interaction of education and the dummy variables, and a full set of dummy vari-
ables corresponding to five year age categories. We run this regression separately for
each country. The result is a separate wage-education profile for each year for each
country, holding constant country-specific age effects.®> We use only male wages in
order to construct indexes of the prices of labour and education that are free from
composition bias relating to increases in female labour force participation. Since
these movements are quite different across the three countries, we were particularly

concerned about any such biases in trying to make comparisons across countries.

Rather than plotting the profiles themselves, in Figures 2A and 2B we summarize
the data by plotting the intercepts and slopes of the wage-education profiles asso-
ciated with each country. We normalize all series to 1 in 1979 to focus attention
on time patterns within each country. ** We interpret the intercept terms, which
correspond to wages at 9 years of education, as the unskilled wage. This appears to
be a reasonable benchmark for the unskilled wage since it is close to the minimum
level of education attained in these economies. The slope corresponds to the returns
to education. Figure 2 shows a striking similarity between the time patterns of low
skilled wages for Germany and the UK, but a large difference between those countries
and the US. For the entire period (from 1979 to 1996), the US shows a 30% decline
in low skilled wages while both Germany and the UK experience approximately 10%

92YWe repeated this exercise using higher order terms in education but, similar to other studies, found that
a linear wage-education profile is a remarkably good description of the data. We chose to discuss the linear
profile because it makes the observed patterns more transparent.

%¥We do not have data, for the years 1979 to 1983 for the Germany. We therefore extrapolate these values
based on a regression of the intercept terms estimated for the years 1983 to 1996 on a linear trend. We
obtain values for the slope parameter for the years for Germany in a similar way.
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increases. The differences in the education differentials are also striking: while the
US experienced a large increase in the differential, the UK experienced only a slight
increase and Germany only a slight decline. These results fit with earlier findings in
other papers. In particular, the sharp increase in the education differential over this
period is one of the main stylized facts associated with increased inequality in the US
(see, e.g., Juhn, Murphy,and Pierce (1993)). The fact that this occurs with a sharp
drop in low skilled wages fits with results in MaCurdy and Mroz(1995) and Beaudry
and Green(1998) using CPS data which show that the increased education differential
occurred mainly because of falls in the wages of the low educated, with little increase
in high education wages. Thus, the depicted wage pattern for the US fits with results
from earlier research. Similarly, the patterns for the UK fit with findings in Gosling
et. al.(1999) who report an increase in the educational differential of only about 5%
between individuals with an University Degree versus A levels over the entire eighties,
which is consistent with the very small increase in the returns to education depicted
in our figures. Hence, even though it is often thought that wage-education profiles
moved rather similarly in the US and the UK over this period, a closer look at the
data suggests actually that it is the UK and German experience in terms of wage-
education profiles that appear most similar, and that the US experience appears to

be an outlier.?*

Movements in wage patterns, of course, are only part of our story. We are also
interested in changes in employment patterns. In Figure 3A, we present changes in
the employment rate % by country. It is clear that the country specific patterns
plotted in Figure 3 are quite different. While the US employment rate grows by over
15% from 1975 to 1997, both the West German and UK rates show virtually no trend

growth. The UK rate shows somewhat more dramatic cyclical patterns than the other

34 0ne aspect of the data that our model do not address is changes in within group inequality. In effect,
we believe that institution differences between these countries may be important for understanding this
dimension of the data.

% These are defined as total employment divided by the population aged 15 to 64. Once again, the German
data refers only to West Germany.
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countries. Once again, consistent with our theory, the two slower population growth
countries — Germany and the UK — experience rather similar changes in the rate of
employment over the course of the information revolution; while the US, with higher

population growth, is the outlier with a strong increase in the rate of employment.

Figure 3B reports the change in per capita employment in services over the period
1970 to 1997 for our three countries. As emphasized by Freeman and Schettakat
(2000), the growth of services in the US was faster than in Germany, with service
employment per capita growing 35% from 1975 to 1997 in the US compared to 24%
in Germany. In effect, Freeman and Schettakat argue that the differential growth in
services is central to understanding the increased employment rate in the US versus
Germany. From our point of view, the most interesting aspect associated with Figure
5 is again the striking similarity between the German and UK experience and, as
implied by our theory, the fact that the higher population growth country— the US—
experiences the greatest increase in per capita service sector employment. Our theory
indicates that these differences in service sector employment patterns arises because
more educated households decide to supply more labour to the market and buy more
services through the market. In all likelihood, such a rise in labour supply would
come predominantly from increased hours of market work for women. In order to
look at this effect, in Figure 4 we plot the female employment rate from 1975 to 1997
for our three countries. As can be seen, the US has much more striking growth in
female labour supply than Germany and the UK. Once again, the UK and German
experience is markedly similar. Moreover, it should be noted that the different growth
in female employment can account for most of the differential growth in the overall

employment rate.

Recall that our theory suggests that it is population growth, through it effect
on the accumulation of factors, that causes the differential wage and employment
movements. In order to convey the different patterns of factor accumulation between

our three countries, in Figures 5A-5D we plot respectively the growth of physical
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capital, the growth of the capital to labour ratio, the growth of the human capital
to labour ratio and finally the growth of the physical capital to human capital ratio.
The data for these graphs are all taken from Jorgensen and Yip (1998) and cover
the period 1975-95. The attractive feature of the Jorgensen and Yip data is that
it has been constructed to provide internationally comparable capital stocks for the
(7 countries, with special attention to quality improvements in physical capital and
labour. As we can see from Figure 5A, the growth of the physical capital stock (which
takes account of quality changes) is rather similar across these three countries even
if population growth is quite different. As a result, in Figure 5B we see that the
physical capital to labour ratio grows much slower in the US, where the increase in
the employment rate is higher, than in Germany or the UK. Moreover, both Germany
and the UK exhibit again surprisingly similar patterns in terms of changes in physical

capital intensity.

In Figure 5C, we plot the ratio of human capital to labour (i.e., human capital
intensity).*® Here we see the US exhibiting slightly more growth than either Germany
or the UK, although the difference is not very large. In effect, Figure 5C nicely
captures the difficulty associated with explaining differences in returns to education
between these countries based only on changes in human capital intensity. Since these
countries do not appear to differ much in their growth in human capital intensity, a
model which searches to explain differential changes in wages by only emphasizing
differential changes in human capital would predict the change in the US return to
education over the period to be no greater than in the other two countries; which is

obviously wrong. In contrast, our model suggests that it is not human capital intensity

% Jorgensen and Yip refer to this series as a labour quality series since it encompasses both changes in
education and experience of the labour force. In order to check the robustness of this pattern, we built an
index of human capital based only on years of education. We found that the increase in average years of
education (even if we use hours of work as weights) in Germany was almost identical to that observed in the
US, while the UK had a slightly greater change due mainly to the increased age of compulsory education.
Since we found the ranking of human capital intensity changes between these countries to be sensitive to
measurement, but always of rather minor size, we believe that it is best to summarize these countries as
having similar changes in human capital intensity.
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by itself which explains differences in wage patterns, but instead out theory points to
differential in the human capital to physical capital ratio as the essential determinant.
As can be seen in Figure 5D, the ratio of physical capital to human capital grew
similarly in Germany and the UK over the period, while it grew substantially less
in the US. Obviously, this differential pattern in the human to physical capital ratio
is due mainly, in an accounting sense, to differences in employment growth and not

much to differences educational attainment.

An interesting aspect of Figures HA-5D is its relationship with the empirical ev-
idence presented in Beaudry and Green (2000).*" In this earlier paper, we showed
how differential use of human versus physical capital between the US and Germany
could explain the differential patterns in wages. In particular, we showed that the
estimated relationships between wages and factor movements in and between these
countries was consistent with the type of neo-classical model of technological adop-
tion used here, and we came to the conclusion that changes in the human to physical
capital ratio was likely an essential determinant of the differential evolution of wages.
In this sense, our previous papers offered evidence in favour of one piece of that struc-
ture embedded in the current model, that is, the link between factor accumulation,
technological adoption and wage determination in the post information era. In ef-
fect, our current model can be thought as having two major structural steps: step
1) from population growth to factor accumulation and, step 2) from factor accumu-
lation (through technological adoption) to wages. Correspondingly, Figures 5A-5D
complement our previous evidence regarding step 2) by illustrating patterns of factor
accumulation between the US, Germany and the UK which give support to step 1),
that is, that high population growth—through it effect on employment growth—Ieads

to differential patterns of factor accumulation.

From Figures 1 through 5, we conclude that the US, German and UK experi-

ences provide interesting prima facie support for our theory in the sense that the

¥7See also Beaudry & Green (1998).
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two low population growth countries have shared, over the course of the information
revolution, rather similar changes in wage profiles, employment patterns and factor
intensities. While, in contrast, the higher population growth country has experienced
a poorer performance in terms of the wage of less skilled workers, a much greater
increase in the returns to education, a greater increase in the employment rate and a
smaller increase in the physical capital to human capital ratio. Nonetheless, as with
any case study, this evidence only covers a limited sample. Hence, in the next section,
we take the necessary step towards a generalization by examining the relevance of the
simplest reduced form implications of our model-that is the relationships between
population growth, employment and wages— using the entire set of rich industrialized

countries.

5.2 Changes in Employment, Wages and Population Across Industrial-
ized Countries

As should now be clear, our model suggests that, over the course of the information
revolution, changes in employment and wage patterns across industrialized countries
should be systematically linked to differences in rates of population growth. In this
section, we present evidence to this effect based on the sample of 18 OECD countries
with per capita GDP above 10 000SUS in 1985.%® Our goal is to look at the relation-
ship between employment, wages and population growth before and after 1975 as a
means of examining the relevance of the theory. Obviously, it would be desirable to
have very detailed data on wages and employment for the entire set of countries over
a long period of time. However, this is not possible. Our choice therefore to focus
on two summary measures of economic performance for which data is readily avail-

able for most of these countries since 1960. The two measures are the employment

®The countries are Australia, Austria, Belgium, Canada, Denmark, Finland, France, West Germany,
Iceland, Ttaly, Japan, Netherlands, New Zealand, Norway, Sweden, Switzerland, United Kingdom, United
States. We excluded Luxembourg from our sample since we could not access the relevant wage data.
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rate®® and real wages (measured as real compensation per employee) * We begin
by examining the relationship between (annualized) changes in the employment rate
and population growth since this relationship is easily related to the theory. In ef-
fect, Proposition 2 suggests the emergence of a positive association between changes
in the employment rate and population growth over the course of the information
revolution. In contrast, our model does not have an unambiguous prediction with
respect to the behaviour of the average wage . Recall that there are three elements
that enter the average wage: the price of unskilled labour w; the price of skill ry;
and the average level of education h. Our theory predicts that, over the course of the
information revolution, high population growth will be associated with low growth in
w. However, it does not yield clear predictions for cross- country patterns in changes
in either r,*' or h. Nonetheless, we will examine —as if an implication of the theory—
whether high population growth economies have been particularly associated with
low real wage growth since the mid-seventies, knowing that we are actually imposing
more on the theory than what is formally predicted. Clearly, it would be preferable
to have a measure of the price of unskilled labour instead of average wages, but such
a measure is not readily available for this set of 18 countries over a long period of

time.4?

%We measure the employment rate as the fraction of employed individual among the population 15-65.
The data are from the 1999 OECD Statistical Compendium, Annual Labor Force statistics.

40The data are from the 1999 OECD Economic Outlook. The OECD Economic Outlook directly reports
real compensation per employee. When available, this is the measure we used. If it is not available, which is
the case only in part of the pre-75 sample, we constructed real compensation per employee by dividing total
compensation by the number of employees and deflating by the GDP deflator. We checked the robustness
of our results by considering alternative wage measures, such as hourly wages in manufacturing, and found
that the results are robust to such changes. Note, though, that we had less scope to verify the robustness of
our results for the period 1960-1974.

4I'Note that the theory has an unambiguous prediction for & but not for ry alone.

42For example, wage data for non-production workers in manufacturing, which could be argued to be
a better proxy for the unskilled wage, is not available for all these countries over this period (it is only
available for about half these countries and for shorter periods of time). Nonetheless, for the available
subset of countries, we examined whether average wage growth was an unbiased predictor of wage growth
for non-production workers in manufacturing. We found this to be the case and hence it supported are
view that cross-country differences in average wage growth are likely dominated by changes in the price of
unskilled labour.
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Table 2 reports cross-sectional estimates of the effect of population growth on
changes in the employment rate, where changes are calculated over the entire period
of interest (a long-difference) and then annualized. In Column 1, we report an esti-
mate for the period prior to information revolution, that is, over the period 1960 to
1974. The results in the table reveal no systematic relationship between population
growth® and changes in the employment rate over this period. In Column (2), we
report the estimate of the same effect for the period 1975-1997, that is, we report the
regression coefficient associated with regressing the (annualized) long-difference in
the employment rate between 1975 and 1997 on the (annualized) population growth
rate over the same period. In contrast to Column (1), in Column (2) we now find a
positive and significant relationship between population growth and the employment
rate. Since positive employment rate changes may generate immigration and hence
population growth, in Column (3) we re-estimate the relationship over the post 1974
period using the population growth over the 1960-74 period as an instrument.** The
estimate in Column (3) is almost identical to that in Column (2) and hence does not
suggest that the observation is driven by reverse causality. Finally, in Column (4) we
omit the United States from the sample in order to show that the result is not driven
by this observation alone. Together, we take the results of Table 2 as indicating that,
over the period of the information revolution, there appears to have emerged a sys-
tematic and positive relationship between population growth and employment rate

changes as predicted by our theory.

In Table 3, we report estimates of the relationship between the percentage changes
in real wages (measured as the real compensation per employee) and population
growth. We again begin by examining the relationship over the 1960-74 period.
However, before discussing these estimates, it is relevant to first recall what standard
neo-classical growth theory suggests regarding this relation. In effect, there are two

cases. The simplest case is when countries are on their balanced growth path. If this

4¥We use the growth of the population 15-64 as our measure of population growth.
44The R? for the first stage regression is .5
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is the case, the Solow growth model does not predict any systematic relationship be-
tween wage growth and population growth. In contrast, on the transitional path, the
theory is consistent with a negative relationship between wage growth and population
growth, but this coefficient should go to zero over time as convergence is achieved.
Finally, in the case where transitional dynamics are thought to be important, the
standard approach is to include initial GDP per capita as an additional regressor to

capture the forces of convergence.

In Column (1) of Table 3, we report our cross-sectional estimates of the relationship
between wage growth and population growth over the period 1960-1974, in the absence
of any additional regressors.*” In column (2) we add the 1960 level of per capita gdp
(in log form) as an additional regressor ® The results reported in Column (1) and (2)
are interesting in that they are very much in line with neo-classical growth theory.
First, in Column (1), we find a point estimate of the effect of population growth
on wage growth of approximately .3. Although this coefficient is not statistically
significant, it is of a size easily consistent with neo-classical growth theory. In Column
(2), we find a very significant effect of initial GDP on wage growth, but again find an
insignificant effect of population growth. Our point estimate of catch up is 2% per year
which is remarkably similar to that found in the growth literature. Hence, we conclude
that prior to the information revolution, the relationship between wage growth and
population growth is rather weak among industrialized countries even though there
is evidence of transitional dynamics forces (convergence). Moreover, neo-classical
growth theory would suggest that in a subsequent period, the effect of population
growth on wage growth should diminish (when not controlling for convergence) since

convergence should be less important.

#The OECD Statistical Compendium does not report sufficient employee compensation data for Iceland
and hence it is omitted from our sample. Moreover, in the 1960-74 period, the data for Finland, the
Netherlands and New Zealand were too incomplete to be included the sample. Hence, over the early period,
we only have 14 observations, while we have 17 observations over the 1975-97 period.

46This variable is taken from Barro and Sala-i-Martin (1995).
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Columns (3) and (4) of Table 3 are the analogues to Columns (1) and (2) for the
period of the information revolution. As with the case of the employment rates, there
appears to be a drastic change in the effects of population growth in the post 1974
period as compared to the pre-1975 period. In Columns (3) and (4), our estimates
of the effect of population growth on wage growth are now much greater in size,
very significant and independent of whether or not we include GDP per capita as
additional regressors.*” Moreover, we find that population growth actually explains
an important fraction of the cross-sectional variance, and there is no longer strong
evidence of catch up.® In Columns (5) and (6), we instrument population growth
over the period 1975-97 with population growth over 1960-74. Again, we do not find
evidence of simultaneity bias and, as is often the case with IV estimation, our point
estimates are slightly increased (in absolute value) by this procedure. In Columns
(7), we repeat the exercise using hourly wages in manufacturing as our wage measure
instead of real compensation per employee. We only report the case where we estimate
the univariate relationship by instrumental variables, since the other cases give similar

very results. In all further cases, we focus only the IV estimates.

Our finding of a strong negative association between population growth and wage
growth over the 1975-97 period is robust to several extensions. For example, we
found this observation to always be robust to the exclusion of the United States from
the sample. Furthermore, we found the relationship to be robust to the inclusion
of a dummy variable for Anglo-Saxon Countries (Australia, Canada, New Zealand,
United Kingdom, United States) and a dummy variable for Scandinavian Countries
(Denmark, Norway, Sweden). In fact, as can be seen in Row (8) where these two
dummy variables are included, the addition of these dummies barely affects our point

49

estimates. Finally, in Row (9) we include the change in the employment rate

47If we use the growth in hourly wages in manufacturing as our dependant variable, we again find an
estimate of -1.08 (s.e. .4) for the effect of population growth.

48Tf we exclude population growth, we find a significant effect of 1960 GDP per capital on wage growth
(1% catch up rate) but we don’t find a significant effect if we use a more recent measure of GDP per capita.

49We can go even one step further and exclude all non-European countries from the sample and maintain
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as an additional regressor. Interestingly we see that, consistent with our theory,
population growth has an effect on wage growth beyond that induced by a change
in the employment rate. In summary, over the 1975-97 period there appears to to
have emerged a sizable and systematic relationship between population growth and
changes in wage and employment patterns. In particular, the 1975-97 patterns are
surprising given the observations over the 1960-74 period and are therefore difficult
to reconcile with a Solow type growth model . However, such a change in pattern
after 1975 is consistent with the type of structural transformation suggested by our

model as a results of a drastic decline in the price of computer based capital.

6 Conclusion

In this paper, we have illustrated how differences in population growth can offer a
rather simple unified explanation to many cross-country differences in recent economic
performance. In particular, we have shown theoretically how population growth can
accelerate the process of adoption of new technology and thereby lead such countries
to exhibit a more profound change in economic outcomes during the information rev-
olution. Our model offers an explanation for why high population growth economies,
like the US, appear particularly technologically dynamic in the recent era — espe-
cially in comparison to their relative performance in the seventies— both in terms
of the adoption of computers and in adoption new forms of work organization. Fur-
thermore, since we view this process of technological adoption as endogenous and
hence of variable speed across countries, it offers an explanation for cross country
differences in wage outcomes as well as the growth of the service sector. We have also
provided some empirical evidence in support of the theory. Obviously, there are im-

portant aspects of cross-country differences in economic performance that our model

a dummy variable for Scandinavian countries. Even in this case, we get a similar estimate of the effect of
population growth
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has not addressed™ (example: within group inequality and unemployment) and there
are good reasons to believe that other forces, such as institutions and globalization,
play a role in determining economic outcome. Nonetheless, we believe that our theory
and the associated empirical evidence suggests that differences in population growth
may be a key element for understanding cross-country differences in recent economic

performance. >!

*00n the theoretical front, one of the limitations of our model is that we do not endogenize the relative
price of computers. The paper by Acemoglu (1998), Kiley (1999) and Duranton (1999) explore mechanisms
that may help understand this phenomena.

®13We believe that institutional differences across countries are likely important for explaining cross-country
differences in either unemployment rates or within group inequality. The reason we have such a belief is
derived from observations like that of Lee (1999) showing how changes in the minimum wage have played an
important role in generating within group inequality in the US. Similarly, Card & Riddell (1995) show that
differences in institutions between Canada and the US appear to have been more important for explaining
differences in unemployment rates than differences in rates of employment. Hence, in order to explain either
within group inequality or unemployment rates, we believe that it would be necessary to enrich our model
to include institutions and possibly political economy considerations.
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Table 2: Cross-Country Est. of Effect of Pop. growth on Emp. Rate

Const. | Pop. Growth | R? | N. Obs.
(s.e) (s.)
1960-74
(1) -.001 074 062 18
(.001) (.072)
1975-97
(2) -.001 0.286 272 18
(.001) (.117)
(3), IV | -.002 0.306 257 18
(.001) (.130)
(4), IV | -.002 0.280 229 17
(.001) (.135)

1. The dependant variable is the change in the employment rate over the period 1975-97 (annualized), that
is, the long-difference in the ratios of the employed population to the total population 15 to 65. The countries
in the sample are Australia, Austria, Belgium, Canada, Denmark, Finland, France, W. Germany, Iceland,
Ttaly, Japan, Netherlands, New Zealand, Norway, Sweden, Switzerland, United Kingdom, United States.
For West Germany, changes are calculated over the period 1975-91 instead of 1975-97 and then annualized.

2. Population growth is the annualized percentage change in population 15 to 64. When estimating by [V,
population growth over the period 1960-74 is used to instrument population growth over the period 1975-97.

3. In Row (4), the US observation is omitted from the sample
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Table 3: Cross-Country Est. of Effect of Pop. growth on Wage Growth
Const. | Pop. Growth | GDP-60 | A Emp.rate | R? | N. Obs.
(s-e) (se.) (s.e.) (s-e)
1960-74
(1) .035 -.327 — — .096 14
(.004) (.290)
(2) 245 -.149 -.024 — .653 14
(.050) (.192) (.006) —
1975-97
(3) .020 -1.01 — — 520 17
.002 (.260)
(4) 071 -.926 -.006 — 569 17
(.041) (.273) (.005)
(5), IV | .021 -1.18 — — 568 17
.002 (.266)
(6), IV | .082 -1.06 -.007 — 641 17
(.036) (.261) (.005)
(7), IV | .021 -1.17 — — 317 14
.004 (.497)
(8), IV | .023 -1.11 — — 707 17
(.041) (.273)
(9), IV | .020 -.990 — -.670 622 17
.002 (.291) (.494)
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1. The dependant variable is the growth in real compensation per worker over the entire period 1975-97
(annualized). Row (7) is an exception, where the dependant variable is the percentage change in the hourly
wage in manufacturing. The countries in the sample are Australia, Austria, Belgium, Canada, Denmark,
Finland, France, W. Germany, Italy, Japan, Netherlands, New Zealand, Norway, Sweden, Switzerland,
United Kingdom, United States. Iceland is dropped from our earlier sample because of missing data. For
West Germany, changes are calculated over the period 1975-91 instead of 1975-97 then annualized.

2. Population growth is the annualized percentage change in population 15 to 64. When estimating by [V,
population growth over the period 1960-74 is used to instrument population growth over 1975-97.

3. GDP-60 is the level of real GDP per capita in 1960.
4. A Emp. rate is the annualized change in the employment rate over the period 75-97.

5. In Rows (1) and (2), Finland, Netherlands and New Zealand are dropped from the sample because of
missing data.

6. In Row (7), Denmark, Norway and Switzerland are dropped from the sample because of missing data.

7. In row (8), a dummy variable for Anglo-saxon countries and a dummy variable for Scandinavian countries
is included in the regressions.
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Appendix A

In this appendix, we focus on the proofs of Lemmas related to the case with endogenous
human capital accumulation, that is, Lemma 1A and Lemma 2A (and hence Proposition 1).
We proceed as follows. We first begin by presenting the set of equations which characterize
the Walrasian Equilibrium when the two technologies F©(-) and F*(.) are in use. Recall,
that we are assuming the modern technology is sufficient efficient for it to be adopted in
both the pre and post information revolution era. Moreover, since we are assuming that
the modern technology is skill intensive (A > 1) and that it doesn’t use unskilled labor,
it will necessarily be the case that the old technology always remains in use. Hence, it is
appropriate to focus only on cases where both technologies are in use. After presenting
this set of equations, we will state an intermediary Lemma (Lemma X1). Lemma X1 will
highlight certain general features the Walrasian Equilibrium in our setting, that is, features
that do not rely on the particular parameterization of technology given in (1) and (2)).
Once we have proven Lemma X1, the proofs of Lemma 1A and Lemma 2A are rather
straightforward.

e The Walrasian Equilibrium Conditions.

In order to present the Equilibrium Conditions explicitly, it is useful to work with
unit cost functions instead of production functions. To this end, let C°(w,ry,rx) and
cM (rm,rrr) represent the unit cost functions associated with respectively the old and
modern processes of production. Moreover, let Y and Y™ represent the amount of the
final good produced using the old and modern forms of production. At this point, we don’t
impose particular function forms on the cost functions (they need only be cost functions

associated with CRS-convex technologies). Consider the following set of 13 equations in the
13 variables {wt7 THt,TKtTIT Tt} and {Lt7 Ht7 Kt7 Iﬂ? Y;EO7 Y;EM7 ht7 Bt}

Li=(+n) (A1)
Hy = he(1+ 1)t (A2)
Q'(he) = ras (43)
1 B,
Bt+1 — (1 + Tt+1)(671(141‘:fn1)1_; N 1)(11}15 + h’l”H}t — Q(h) + (1 T 77)) (A4)

ITy  By(1+7)"!
Fppot=20o T A5
T T (45)
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Tht = Gtrmt =147 (AG), (A?)
Ly = C? (wt7 THt, TK,t)YtO (AS)
Hy = C@(wi,rie, i) YC + CM(rppsrir )Y M (A9)

Ki = CF (we, i, mic ) VY (410)
ITy = O (rpg e, rir ) VM (A11)
CO(we,rh i) =1 (A12)
CM(ru e rire) =1 (A13)

Equations (A1)-(A5) give the supply of factors by households, Equations (A8)-(A13)
give the demand of factors by firms, and Equations (A6) and (A7) are the no-arbitrage
conditions on the capital markets. Since the way we have set up this system of equation
guaranties that supply equals demand in all the markets (by Walras’ Law the goods market
equilibrium condition is omitted), it thereby represents the Walrasian equilibrium of our
model with endogenous human capital accumulation. Note that in the above equations, a
subscript on the cost function represent the derivative with respect to the nth argument.

Since we will focus only the steady state, it is possible to simplify the above system into
the following set of 7 equations in 7 variables {w,rg,7} and {k,Y°, Y™ h}.

Q'(h) =ru (A1)
(w+hry —Q(h) + ki) (A2)

(1+mn)

1=CP(w,ry,7)Y° (A3)

h= S (w,ri, YO+ Oy, )V (A4)

- - oM y .
k:C:?(w,rH,f)YOJr—Q (;ng)YtM (A5")
Co(wﬂﬂH/F) =1 (AG/)

CMir. )~ 1 (AT')
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YO
T 18

)t is the per

- s K+iL . . &
where 7 = rg = ryr0, k = (11—75,5 is the per capital total capital stock, YO =

the per capita production of output using the old technology and Y™ — e
capita production of output using the modern technology.

1+77

This modified system of equations, where quantities are all expressed in per capita
terms, represents the two accumulation equations for human and physical capital and the
factor market clearing conditions. Note that traditional and computer based capital can be
aggregated into one variable k using the relative price %.

We are now in a position to ask how population growth affects the steady state wage
and output structure in this economy. A partial answer to this question is given by Lemma,
X1.

Lemma X1:

#9—02 CHE oMy
1 H
1) g > 0if and only if 7 (w s e (wyerF)
oL Sl omg)
2) 5« <01fandonly1fm>l
cM (rg, i) .
8YM S Crog) CM (ryg, )
3a ) <0if Co(w TH,T) CQO(w,rH(?F)
CQ (TH Q) CM(T i)
1 H
3b) < 0 if Co(w TH,T) CQO(w,rH(?F)

4) &£> 0,51 < 0,92 <0

Proof of Lemma X1: The characterization given in Lemma X1 can be found by totally
differentiating the system of equations (A1’) to (A7’) and applying Cremer’s rule. The only
tedious aspect is to sign the determinant of the linearized system. To do so, it is helpful to
use results presented in Diewert and Woodland (1977), which allows to uniquely sign the
lower 5 by 5 matrix (this sub matrix corresponds to a system without factor accumulation).
It is also easiest to first consider the case where h is exogenous, since this allows one to
temporarily drop Equation (A1’). Once the sign of the determinant is pinned down, the
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statements of Lemma X1 are easily inferred given the bloc diagonal aspect of the system

and given that n only enters one equation. For example, the effect of population growth on

r, rg and h are unambiguous, while the effect on w can be seen to depend only on the sign
M z

M C{VI (TH:Z)

Ol D (wyrH;) as stated in the Lemma. Furthermore, the effects of population

of

o (rH 5

C’O (w TH,T) —1 A
step-by-step demonstration of this comparative static exercise is available from the authors.
[ ]

growth on the returns to education are seen to depend on the sign of

The interesting aspect of Lemma X1 is that it shows that the effects of population
growth depend on the relative factor intensities of the two underlying production technolo-
gies. In order to see this, it is helpful to recall that the derivative of the cost function with
respect to a factor price is the factor requirement for producing one unit of output. Hence,
statement 1 in Lemma X1 indicates that the effect of population growth on the price of
unskilled labor depends on whether the modern technology uses more intensively capital
(once properly normalized by the relative price 8 to take account of the fact that the two
technologies use different types of capital) or skill relative to that used in the older technol-
ogy. Similarly, statement 3 indicates that the effect of population growth on the return to
education depends on whether or not the modern technology uses more capital per unit of
output(again appropriately normalized using the relative price) than the older technology.
Hence, from Lemma X1 and our assumption that initially (before the information revolu-
tion) the relative capital intensity of the modern technology versus the old technology is

greater that the skill intensity (which stated formally is equivalent to assuming that @ is
Cé\/f (THs%)

] C{V[ (r H:%) )52
CQ (w,rg,7) C§ (w,rg,7)
the effects stated in Lemma, 1A In particular, we can infer the effect of population growth

low enough for , we can immediately infer from Lemma X1 all

ch
on the return to education since W = X > 1. The reason we can’t immediately

infer Lemma 2A from Lemma X1 is that we need to know whether, for a sufficiently large

increase in 6 (starting from 6p), there will necessarﬂy be a reversal in factor intensities in
0D Mgt M (s, 5)

< Siltmy) g Slmg)

vy (w TH,T) CP (w,rg ,7) C(w,rg ,7)

This is shown below using the parameterization of technology given by Equatlons (1) and

(2).

52A reader may wonder whether this condition is consistent with the environment. In effect, as long as A
is between ry, + 2(r*w”*)'5 < 1 and 1 (where starred variables are the factor prices that would prevail in the
absence of the modern technology), there always exist a 8 such that this condition is satisfied.

the sense that for sufficiently high values of 8
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Proof of Lemma 2A: Given Lemma X1, what needs to be shown to prove Lemma 2A
is that there exists a 6%, such that if the technologies of production satisfy Equations (1)

and (2) of the text and if 6 > 6*, then

CéM(TH:;;) M T
0 Ci (rm, 5)

CQ(w,rg,7) ~ CY(w,ry,7)

CéM(THzg)

0
= <1
CO(w,rg,7)
M
In effect, given that A < 1 and that %]O— = %, we need only focus on the second condition

since it implies the first condition. To show the existence of this 6%, it is useful to begin by
stating Equations (A3") to (A7’) explicitly for the case at hand (Equations (A1’) and (A2’)

remain unchanged).

_ LN 570 1"
L= (=) (A3")
h:Y/O+T (A4")

_ E.5~O ~t_ "
K ()Y 1 =L (A5")
2wOFP 4y = (A6")
FoTH "
Gt =1 (A1)

Although the entire solution to this system of equations cannot be stated explicitly, the
non-explicit component can be reduced to a system of two equations in the two unknowns

h,l% 53

1A
20( 2 + k — 2&)

Qh) = A1 - )

%%Tn the case where 0 = 1 and therefore the savings rate is constant, we can solve explicitly for k since it
is the solution to a quadratic equation. In this case, solving our initial system of 13 equations is reduced to

solving one non-linear equation in the one unknown h.
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~ Tin 1= A2~ Ah
Fe (i —on - A 2k e o)
8% ()7 +1
where 7 is explicitly is explicitly given by
. 1—A
T =/ 2L . 1 ivs
2(W+ ] )
Furthermore, 7, w and total production Y© + Y™ are given by
,,’Z
rg — )\(1 — 5)
P2 . N W
W (gt gg) T
50 | M (1A AN e A
Y 4+Y™* =AM+ 50 +(1 )\)(402+k 0)
CéM(TH%)

2 < 1. Note that

? C?)O (w,rg,7)
this conditions corresponds (for our parameterization of the cost functions) to showing that
for Os sufficiently large:

Let us now focus on showing that, for fs sufficiently large

1
(25

T

<1

In order to see that the above condition will be satisfied when 8 is sufficiently large, consider
the limit of the LHS of this expression as # goes to infinity. Using the solutions for w and
7, it is easy to verify that this limit take the following simple form.

1
0k

Therefore, unless k goes to zero as # goes to infinity, the above limit will go to zero as 6 goes

to infinity and hence for 0 sufficiently large it will necessarily be the case that @ < 1.

In order to see that k does not go to zero as 6 goes to infinity, note that h will converge to
h defined by @’(h) = A, and that the accumulation equation for & will become:



70

O i) 7+
that Q' (h)h — Q(h) > 0. Therefore, given that the above limit accumulation equation for k
is a rather standard and well behaved accumulation equation, it is straightforward to verify
that k will remain strictly above zero as 6 goes to infinity. Hence this proves that there
exists a 0 such that if 8 > 0%, by Lemma X1 we have, %w <0, == >0, 8Y < 0, ar <0

,855 > 0 as stated in Lemma, 2A. e

where s(l%) =1—— 1 . Since h is optimality chosen, it is necessarily the case

Appendix B

In this appendix, we prove Lemma 1B and Lemma 2B (and hence Proposition 2) in a
manner very similar to that presented in Appendix A to prove Lemmas 1A and 1B. Hence,
Appendix 1A should be read before this appendix.

e The Walrasian Equilibrium Conditions

The Equilibrium Conditions for the case with variable labor supply are given below
where an 7 subscript denote the type of individuals, that is, ¢ = 1 corresponds to indi-
viduals which acquire no education (hy = 0) and ¢ = 2 individual correspond to individ-
uals who’s educational attainment is associated with he > 0 units of human capital per
time unit supplied to the market. The equilibrium set of 17 equations in the 17 variables
{we, T e, 7K,y T, T} and { Ly, Hy, Ko, ITy, YO YM 14, 854, Big} are:

Li = (1 + ) (g + (1 —7)loy) (B1)
Hy = (1 + ) (1 — 7)lathe (B2)
aDo(1 - Li)* =1+ @h (B3, B4)
1
Bity1 =1+ re1)(— g Ywe(lie — sit) + lighiree + ) (B5),(B6)
A (HE) = 1 (1+m)

IT; (7TBlt+ (1 *W)BQ t)(1+77)t_1
Ki+—= ’ : B7
g (1) (B7)

sig=d— Do(1—1;4) (B8),(B9)
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Tkt = Orime =1+ 14 (B10),(B11)
Li = C(we,rirenric )Y + (1) (ms1e + (1 — 7)soy) (B12)
Hy = C9 (we,rm g, 7i00)YE + CM (ri gy rir) Y (B13)

Ky = CS (wiyrp e, 7)Y (B14)
ITy = Cy' (ra gy e ) VM (B15)
CO(wy, T 1) = 1 (B16)
CM(rg gy rrrg) = 1 (17)

Equations (B1)-(B6) give the supply of factors by households, Equations (B12)-(B17)
give the demand of factors by firms, Equations (B8)-(B9) give the demand for services by
households and Equations (B10) and (B11) are the no-arbitrage conditions on the capital
markets. Since this system of equation guaranties that supply equals demand in all the
markets (by Walras’ Law the goods market equilibrium condition is omitted), it thereby
represents the Walrasian equilibrium of our model with variable labour supply. In order to
reduce the steady state of the above system of equations to a set similar to that given by
Equations (A17)-(A7’) in Appendix A, it is helpful to redefine the following variables: let

IT
k= T jn)t(W(h-fjgzl—ﬂ(lzo—w)) be the total capital stock per hour worked excluding ser-

vices, YO = T (W(ll_sf) TG is the production of output using the old technology

per hour worked excluding services, Y ¥ = T +n)t(w(ll—s);)]«\i(l—w)(lg—@)) is the production

of output using the modern technology per hour worked excluding services and finally
h = (7r(l1—s(11)178}127g(l2—52) is the human capital per hour worked excluding services. With
this notation, it is possible to reduce the above system into the following set of 8 simultane-
ous equations in 8 variables {w, 75,7} and {k,Y°, Y™ h,1,}. Note that the variable [; and
$1 can be treated as constants in this reduced system since there are determined exclusively
be Equations (B3) and (B8) and therefore are invariant to changes in 7. Furthermore, the
level of services consumed by agents of type ¢ = 2 (s2) does not need to be included in the

system since it is simply given by Equation (B9) once l2 is determined.

aDo(1 —l2)* " =14 "ty (B')
[ (1 - W)hglg ,
" (m(ly — s1) + (1 —7)(l2 — d+ Do(1 — 12)*) (B2')
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(w+ hrg + k7) (B3)

(I+mn)

1=CP(w,rg, 7)Y°  (B4)

h=C9(w,ry,7)YC + CM(ry, H5YM  (BY)

0
. . cM .
k= C(w,ry,7)YC + 22207 (ZH’ a)YtM (B6')
Co(wﬂﬂH/F) =1 (B7/)
M g) =1 (B)

There are two aspects to note about this reduced system of equations. First, Equations
(B1”) and (B2) can be seen as representing one equation that determines h as a function
of Z&. In this sense (B1’) and (B2’) are very similar to Equation (A1’) except that h
is determined by the return to education while h was determined by the price of human
capital. Second, note that Equations (B3’) to (B8’) are identical in form to Equations
(A2)-(AT’). Hence, it is should not be surprising that this system of equations gives similar
comparative static results to those presented in Appendix A. In particular, we can state
these comparative static results in Lemma X2,

Lemma X1: If o is not too large,

M ~
CQ ("'Ha%)

1) 22 > 0 if and only if 2 Oy (.
877 C?,O (werzF) CQO (wierf)
S al d S
Ay dsy ; T S —
2) - < 0,52 <0,52 <0if and only if S > 1
M CM(THsi) 7
30) O < 0if ot Ctmp)
877 C?,O (werzr) CQO (w,rH,r)
aY2 Fm  emp, ©
3b) LE < 0if 2 Arig)
877 C?,O (werzF) CQO (wierF)
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4)g—§>0,855 <0

5) All the above comparative effects increase in absolute value as « increases. iff

CéM(THzg)

— <1
CO(w,rg,7)

Proof of Lemma X1: The characterization given in Lemma X2 can be found by totally
differentiating the system of equations (B1’) to (B8) and applying Cremer’s rule. The
only major difference with the system of equations given by (A1’)-(A7’) is that the sign
the determinant of the linearized system is now not unambiguous as is can depend on the

Y . 5)
size of a. In particular, if o
sufficiently large. As we discussed in the text, we therefore focus only on the case where «
is not too large, that is, the case where the determinant remains the same sign as was the
case for the system (A17)-(A7’). In effect, this appears to be the most natural case since
it always implies that higher n is associated with a higher interest rate. Once the sign of
the determinant is pinned down, the statements of Lemma X2 are easily inferred given the
bloc diagonal aspect of the system and given that 1 only enters one equation. In particular,
statement (4) in Lemma X2 is implied by the fact that determinant of the linearized system
depends on «, while the numerators of these derivatives do not depend on «. Once again, a
step-by-step demonstration of this comparative static exercise is available from the authors.
[ ]

< 1, then the determinant switches sign when « is

JFrom Lemma X2, all the elements of Lemma 1B that are in common with Lemma 1A
can be directly inferred since we have assumed that in the pre-information revolution era 6

c}ru.5)

is low enough for it to be the case that = ( > % > 1. In order to prove the additional

w,rg,T
two elements of Lemma 1B, let us note that gle)employment rate for the economy is given
by wly + (1 — m)ly and that the fraction of employment in the service sector is given by
%. It is therefore again immediate from Lemma X2 that an increase in n will
be associated with a lower employment rate in the pre-information revolution period and a
lower per capita level of employment in services. It is of interest to also note that an increase
in 7 also implies a lower fraction of employment in the service sector in the pre-information

revolution era since the denominator of the derivative of this fraction is equal to:

Ola

(- mD ()b + (1 m)ly— (1 m)(msy (1 m)s — 2))57
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which is necessarily smaller than (1 —m)(wly + (1 — m)la)(a(1 — Ip)*~! —1)S2 92 which in turn

is necessarily negative since condition (B1’) implies that a(1 —I2)*~! —1is posmve. Hence,
this completes the proof of Lemma 1B. Once again, we can’t immediately infer Lemma
2B from Lemma X2 since we need to know whether, for a sufficiently large increase in 6

(starting from 6p), there will necessarﬂy be a reversal in factor intensities in the sense that
CQ (TH %)

C{M(erg;) C{M(erg) . .
, Co(w ) < COtwrn ) nd T lwrn) < 1. This is shown,

along the same lines as the proof of Lemma 2A, using the parameterization of technology
given by Equations (1) and (2).

for sufficiently high values of 0

Proof of Lemma 2B: Given Lemma X2, what needs to be shown to prove Lemma 2B
is that there exists a 6**, such that if the technologies of production satisfy Equations (1)
and (2) of the text and if § > 6™, then

CéM(THzg)
0
— <1
CO(w,rg,7)
and hence

cM 75 _
2 (ZH Q) C{W(TH, 5)
CQ(w,rg,7)  CY(w,ry,T)

To show the existence of this 6%, we can proceed as in the proof of Lemma 2A and note
My, D)
S— E—
CY (w,rg,7)

that the condition

cost functions) :

< 1 can be stated as follows (for our parameterization of the

1
()5

T

<1

Furthermore, the limit of the LHS of this expression as 8 goes to infinity is again given by
1
ok

Since the accumulation equation for capital is in the limit given by

k= 1fkﬁh+@AMﬂ

where s(l%) =1-—= 1 ——. and since h is non-negative, k will remain strictly
50(2(14“’0)’@ 5) -0 +1

above zero as 6 goes to infinity. Hence, this proves that there exists a 8** such that if

f > 0**, and hence by lemma X2 we have
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T o]
2 o ol ) 82— or 2
or <0, 5= >0,52>0,532>0, 55 <0, 5, <0,%E>0

Furthermore, by the same reasoning used in the proof of Lemma 1B, we have that an

increase in 7 is associate with a higher rate of employment and a higher per capital level of
of employment in the service sector. e
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