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Introduction

The characteristics of the “New Economy” and

the main analyses of the “ICT Revolution”

A very important phenomenon observed in the last decades is the deve-
lopment of the so-called “New Economy”, characterized by the di usion of
Information and Communication Technologies (ICT). This situation is con-
firmed by the data: during the 1990s in the United States the real value of
business investment has been multiplied by 22 for computers and peripherals,
by 6 for software and by 3 for communication equipment, and the proportion of
the same investment on the total in this decade increased from 2.2% to 21.5%
for computers and peripherals, from 7.2% to 17% for software and from 6.7%
to 9.7% for communication equipment. At the same time, very favourable
economic conditions have characterized the US economy: high growth rates
of output (with an average growth rate of GDP of 4.2% from 1995 to 2000),
strong growth in labour (from 1.4% in the period 1975-1995 to 3% in the period
1996-2000), low level of unemployment (from 7.2% in 1993 to 4.1% in 2000).
As a consequence, a strong attention has been devoted to the study of what has
been called “ICT Revolution”, both from an empirical and from a theoretical
point of view.

Indeed, the excellent performance of the US economy in the ’90s, with
an increase in the productivity that has, at least in part, compensated the
slowdown of the ’70s and early ’80s, has concentrated the attention on the
role of ICT, since the productivity recovery has been largely driven by the
extraordinary increase in the productivity of the computer-production sector
(about 42% per year from 1995 to 1999). On the other hand, less desirable
features have accompanied these developments: more wage inequalities and
strong reorganization costs (for both firms - that have to invest more in fast-
depreciated technologies - and workers - that su er from more stress and inju-
ries -), rising volatility and financial fragility. Furthermore, the productivity
rise in the production of computers has not been accompanied by a similar
increase in the productivity of the sectors that use computers, that is, it seems
that the ICT revolution has not produced significant spillovers in the rest of the
economy. Many analyses have been devoted to this aspect, and they outline
both the strong productivity growth in the computer sector in the last years
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and the di culties of measurement of the contribution of ICT to the growth
and productivity of the economy. In some cases these studies do not reach the
same conclusions, leaving the debate open.

A first interesting analysis of the ICT revolution from an empirical point
of view is the one undertaken by Gordon (1999). According to the “New
Economy” view, the productivity slowdown that began in 1972 seems to have
stopped after 1995, thanks to the strong productivity growth in the manufac-
ture of electronic equipment, while there isn’t any evidence of spillovers from
the computer sector to the rest of the economy.

With reference to this aspect, the analysis of Gordon outlines that the strong
acceleration of productivity growth (1.02% per year when the period 1995-99
is compared to the period 1972-95) can be explained entirely by three factors.
The first is a series of measurement improvements in the national account
deflators (that has produced an increase in measured productivity growth),
the second is the productivity explosion in durable manufacturing (where a
decline in the computer deflator at a rate of 37% per year in the period 1997-
99 has determined a very rapid increase in output per hour in the part of
the economy that produces computer hardware) and the third is the normal
procyclical increase in productivity which occurs in periods, such as 1997-99,
in which output grows faster than trend. The result is that real GDP in the
1995-99 period grew at more than 4% per year, significantly faster than the
1987-95 average rate of 2.3% per year.

Concerning the productivity explosion in the manufacturing of durables,
then, it is possible to observe that it is entirely located in the production of
computers. In fact, while there was no significant acceleration in nondurable
manufacturing productivity after 1995 with respect to the period 1972-95, the
growth rate of productivity in the durable sector has more than doubled in
the period 1995-99 with respect to the period 1972-95, and this performance
is entirely due to the computer component (while when this component is not
taken into account the productivity shows a further slowdown in 1995-99 as
compared to 1972-95). At the same time, from the data it doesn’t emerge the
presence of benefits in the use of computers outside of the industries which
produce them (that would contribute to increase the productivity in the whole
economy), and therefore the conclusion of Gordon’s analysis is that there is no
evidence of spillovers from the computer sector to the rest of the economy.

A second study of the e ects of ICT on growth is the one of Oliner and
Sichel (2000). Also this analysis outlines how the performance of US economy
in the last years has been remarkable (in the period 1995-99 real GDP rose at
an annual rate of more than 4%, and this was accompanied by an increase in
the growth of labour productivity, with output per hour that rose at an annual
rate of about 2%, nearly double of the average over the preceeding 25 years),
and a possible explanation of this great growth is the ICT revolution, since
American firms have strongly invested in information technology.
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To determine the e ects of ICT on growth, this analysis distinguishes be-
tween the contribution from the use and from the production of information
technologies. With reference to the contribution from the use of ICT, in the
period up to 1995 new technologies (computer hardware, computer software
and communication equipment) accounted for only 0.5% of output growth per
year, furthermore the growth in labour productivity increased from about 1.6%
per year in the first half of the ’90s to nearly 2.7% in the second half, and ICT
contributed for nearly half of this increase. With reference to the contribution
from the production of ICT, the computer and computer-related semiconductor
sector (whose relative prices declined strongly) accounted for nearly two-fifths
of the growth in MFP during the second half of the ’90s. By putting together
all these results it turns out that of the 1% acceleration in labour productivity
between the first and the second half of the ’90s, about 0.5% can be attributed
to the growing use of ICT and about 0.3% to the improving technology for
producing ICT, and this suggests that ICT has been the primary force behind
the sharp gains in productivity growth.
In the analysis considered before, Gordon also emphasized the role of ICT

in the productivity growth of the recent years, but he concluded that improve-
ments in the production of computers accounted for the entire acceleration in
labour productivity (after adjusting for changes in the methodology of price
measurement and for the cyclical component of productivity), while outside
the sector of durable goods there has been no rise in productivity growth, and
therefore the use of computers did not contribute to the recent acceleration of
productivity. From the analysis of Oliner and Sichel, on the contrary, it turns
out that also the use of computers and other information technology makes an
important contribution to the increase in productivity in the late ’90s.

Another important analysis of the phenomenon of the ICT revolution is the
one developed, in two di erent studies, by Jorgenson and Stiroh (1999, 2000).
Also these authors outline, first of all, the recent strong performance of the
US economy, that led to permanently higher productivity growth in the whole
economy. According to the “New Economy” proponents, this performance is
mainly due to ICT, whose rapid di usion is a direct consequence of the strong
decline in the price of computer-related equipment, which has led to a vast
substitution of ICT equipment for other forms of capital and labour. The e ect
is that ICT represent an important source of economic growth, as shown by
the fact that in the period 1959-73 computer inputs contributed less than 0.1%
to US economic growth, while in the period 1995-99 the growth contribution
of computers increased more than five-fold to 0.46% per year. The general
result that emerges from this analysis is therefore that ICT have a substantial
impact on economic growth, since the progresses in this sector have driven
down the relative prices of these equipment, inducing massive investments in
new technologies by firms and households.
Indeed, from 1990 to 1996 the price of ICT equipment for investment fell

at 16.6% annually, and the price of computers for consumption fell even faster
at 24.2% per year. This induced both firms and households to accumulate
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computers (in this period investment in computers rose by 28.3% per year
and household purchases of computers increased by 37.3% per year), so that
firms and households responded to relative price changes by substituting ICT
equipment for other goods and services. With reference to the impact of ICT
on growth, then, also this study outlines that it is necessary to distinguish the
production and the use of ICT, and as a consequence increases in computer
power like those experienced by the US economy have two e ects on growth:
first of all, as the production of computers improves and becomes more e cient,
more computing power is produced from the same inputs and this raises the
productivity in the computer-producing industry and contributes to total factor
productivity (i.e. output per unit of factor input) growth in the whole economy.
Second, the accumulation of computers leads to input growth of computing
power in computer-using industries, and since labour is working with more
and better computer equipment this investment increases labour productivity.
With reference to this aspect, nevertheless, there is little evidence of a revival
of TFP growth in the ’90s, since aggregate TFP growth was only 0.23% per
year in the period 1990-96, less than the annual average of 0.34% for the period
1973-90. At the same time, always in the US, the growth rate of output for
the period 1990-96 was 2.4% per year, half a percentage point less than the
average for the period 1973-90 and one percentage point less than the average
for the period 1948-73. More recently, TFP growth accelerated, reaching an
average of about 1% per year in the period 1995-98, and for the same period
output growth increased by nearly 2% per year. Nevertheless, these gains are
essentially due to ICT-producing industries and not to ICT-using industries,
and there is no evidence of spillovers from production of ICT to the industries
that use this technology.
The conclusion of the analysis of Jorgenson and Stiroh is therefore that

the “computer revolution” has been characterized by price decline, strong in-
vestment in ICT equipment and rapid substitution of this equipment for other
inputs, but this technological revolution has not been accompanied by signi-
ficant spillovers to other sectors. In this sense the results are similar to those
emerging from the study of Gordon presented above, according to which the
majority of recent productivity gains are due to the production, rather than
the use, of ICT.

An important consequence of adoption of ICT is then represented by the
introduction of new forms of work organization. Indeed, a common idea that
has emerged in the recent years in the US is the one according to which the
gains in productivity that have characterized recently the economy strongly
depend on adopting new models of work organization.
An interesting analysis of this phenomenon is the one undertaken by Oster-

man (1994), that employs a survey conducted in 1992 to provide a description
of internal labour market practices across a representative range of American
industries. This survey covers a wide range of American employers, it is con-
ducted at the establishment level and it provides evidence on the distribution
of new forms of work organization among American workplaces. In particular,
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these flexible work practices include self-directed work teams (i.e. employees
supervise their own work), job rotation (i.e. employees spend some time in a
given activity and some time in another activity), employee problem-solving
groups or quality circles (i.e. quality programs where employees are involved
in problem-solving), total quality management (i.e. quality control approach
that emphasizes the importance of communications, feedback and teamwork)
and multitasking workers (i.e. the same workers perform di erent tasks).

The results of the survey show, first of all, that about 35% of private sector
establishments with 50 or more employees have made substantial use of flex-
ible work organization in 1992. Furthermore, they confirm that a number of
variables (in particular a market with international competition, a high-skill
technology, worker-oriented values, following a strategy that emphasizes ser-
vice, quality and variety of products rather than low cost, and being part of a
larger organization) are positively associated with the adoption of flexible work
practices. The results also allow to identify a set of human resources manage-
ment practices (in particular innovative pay schemes, extensive training and
e orts to induce greater commitment on the part of the labour force) that are
linked to the adoption of flexible work systems.

In addition, other studies have shown (considering firm-level data) that
greater use of information technology is associated with the employment of
more-educated workers, greater investments in training, broader job responsi-
bilities for line workers and more decentralized decision-making. It has there-
fore been hypothesized that advances in ICT are complementary with organi-
zational changes to improve service quality through the use of skilled workers
with substantial individual autonomy. If this is true, the computer revolu-
tion becomes an important component of increases in the relative demand for
skilled workers observed in recent decades, and this would also explain the re-
cent widening in the US wage structure (see also Cappelli and Carter, 2000,
and Bresnahan, Brynjolfsson and Hitt, 2002), since the overall wage inequality
and educational wage di erentials have expanded substantially in the US since
the late ’70s (indeed, in general, technology should be associated with higher
wage levels, because it requires more educated, better trained and higher skilled
employees, and this is especially true for ICT).

All these aspects have accompanied the di usion of the ICT-based econ-
omy in the late ’90s. This framework has therefore been characterized also
by the introduction of new forms of work organization, and these innovative
work practices have given an important contribution to the productivity gains
registered in the economy.

These are some of the most important studies that have been devoted to
the analysis of the ICT revolution. Next Section summarizes the main stylized
facts that have characterized this phenomenon.
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Some stylized facts concerning the “New

Economy”

It is now possible to summarize the most important stylized facts that
emerge from the empirical data that are available concerning the behaviour
of the US economy during the ICT revolution (for the data, see OECD 2000,
2001, 2003, 2004, 2005), and that the models developed in this dissertation will
try to explain.

The starting point is represented by GDP growth. In the US the growth of
GDP has been, on average, of 3.2% on an annual basis in the period 1980-90, of
2.5% in 1990-95 and it has risen to 4.2% per year in the period 1995-2000, with
a contribution deriving from ICT capital significant and rising (it was 0.3% per
year in 1980-90, then it moved to 0.5% per year in 1990-95 and it has become
1% per year in 1995-2000). Considering the GDP per hour worked, then, it has
been characterized by an annual average increase of 1.3% in the period 1980-90
and of 2% in the period 1990-2001 (with an annual increase of 1.3% in 1990-95
and of 2.5% in 1995-2001), so that labour productivity growth continued to
improve over the 1990s and then picked-up in 2002.

In particular, in the US the level of GDP per capita in 1990 was already the
highest in the world, and nevertheless the growth accelerated strongly in the
second half of the decade, due to the fact that US improved labour productivity
and labour utilisation at the same time. More specifically, labour productivity
can be increased in several ways:

By improving the quality of labour (human capital) used in the produc-
tion process. This element plays a fundamental role in labour productivity
growth, as shown by the rise in educational attainment among workers over
the 1990s.

By increasing the use of capital and improving its quality. Investments in
physical capital are crucial, especially investments in ICT, that rose from less
than 15% of total investment in the business sector in the early 1980s to 22%
in 1990 and to 31% in 2000. Particularly important was also the investment in
software, that in the US rose from 3% of investment in 1980 to 8% in 1990 and
to 14% in 2000. This was due to the fact that the prices of key technologies have
fallen by between 15% and 30% annually, making investment in ICT attractive
to firms. Also the contribution of ICT investment to GDP is significant and
growing, in particular it moved from 3% in 1990 to 4.1% in 2001, while its
contribution to GDP per capita growth passed from 0.5% per year in 1990-95
to 1% per year in 1995-2000. Moreover, ICT investment was among the first
areas of investment to recover in the US in 2002, suggesting that it has not
been a ected disproportionally by the recent slowdown.

By attaining greater overall e ciency in how the factors of production are
used together (multi-factor productivity, that reflects many types of e ciency
improvements, such as improved managerial practices, organizational changes
and innovative ways of producing goods and services). The growth of MFP
has been of 1% per year on average in 1980-90 and of 1.2% per year in 1990-
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2000, confirming a structural improvement in MFP growth from the 1980s to
the 1990s in the US. In particular, there has been strong MFP growth in ICT-
using services, moreover, in general, countries that have invested most in ICT
in the 1990s have also seen the largest increase in MFP growth over the 1990s.

With reference to the role of information technologies, then, it is possible
to observe that ICT a ect growth through three e ects:

As a capital good, investment in ICT contributes to overall capital deep-
ening (i.e. increased capital per worker) and therefore raises labour produc-
tivity (the contribution to aggregate labour productivity growth of the ICT-
producing manufacturing has been 0.35% per year in 1990-95 and 0.45% in
1996-2002).

Rapid technological progress in the production of ICT goods and services
contributes to more rapid MFP growth in the ICT-producing sector (the con-
tribution of ICT-producing services has been 0.16% in 1990-95 and 0.18% in
1996-2002).

Greater use of ICT increases the overall e ciency of firms and raises MFP
(the contribution of ICT-using services has been 0.24% in 1990-95 and 1.29%
in 1996-2002). The services sector is the most intensive user of ICT, and the
strong increase in the contribution of this sector is primarily due to more rapid
productivity growth in wholesale and retail trade and in financial services.
Labour productivity growth improved markedly in the 1990s, and both ICT-

producing and ICT-using industries contributed to this improvement, with the
ICT-using sector accounting for the bulk of the pick-up in labour productivity
in the second half of the 1990s.

Another element that emerges from the data concerns the skills and em-
ployment related to ICT. With reference to this aspect, a recent OECD study
(OECD, 2005) has introduced two measures of ICT-skilled employment, a nar-
row measure and a broad measure. The narrow measure captures ICT special-
ists (e.g. programmers, software developers), while the broad measure includes
ICT users together with the ICT specialists. Less than 5% of total employ-
ment can be classified under the narrow measure of ICT-skilled employment,
and around 20% under the broad measure. The narrow measure, then, has
been characterised in the US in the period 1995-2004 by an increase in the
share of ICT-skilled employment in total employment (from 3.2% to 3.7%),
while the broad measure has been characterised by a decrease in the share of
ICT-skilled employment (from 21.2% to 20.2%), especially towards the end of
the period.
It is also possible to relate the broad measure of ICT-skilled employment to

a productivity measure, obtaining a positive and significant correlation between
a sector’s share of ICT-skilled employment and gross value added per employee
(i.e. a higher level of value added per employee tends to be associated with a
higher share of ICT-skilled employment).
In the 1990s, knowledge workers (including computer workers) were the

fastest-growing occupational category in the US (the average annual change in
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1992-99 was 3.3%). The ICT workforce reached more than 6.5 million in 2000,
and from 1995 to 1999 the percentage of computer workers with respect to
total employment raised from 1.8% to 2%. Furthermore, employment growth
has been strong throughout 2001 and unemployment rates in ICT professions
very low. In 2002 narrow ICT-skilled employment accounted for 3.8% of total
employment and broad ICT-skilled employment accounted for 20.6%.

ICT are also a skill-biased technology, i.e. they increase the demand for
skilled workers and reduce the demand for unskilled workers. In e ect, gener-
ally when new technologies are introduced into the production process, demand
drops for low-skilled workers and rises for high-skilled workers. However, not
all ICT-related occupations are high-skill, and adoption of ICT does not neces-
sarily translate into an increase in the economy-wide demand for higher skills.
The available data show that the share of ICT workers is growing everywhere,
nevertheless in 1999 the US ICT workforce was relatively more high-skilled
(77%) than that of the European Union (56%), and in the US high-skilled ICT
workers represented 2.4% of total employment. High-skilled ICT workers are
the most rapidly growing component of high-skilled workers, and the largest
component of high-skilled ICT workers is represented by computer workers.

In 2000, in the US the people employed in the ICT sector represented 34%
of total business employment, and this sector has been a major source of em-
ployment growth. In the 1995-2000 period, OECD-area employment in this
sector grew at an average annual growth rate of over 4% a year, with ICT
services that have been driving this growth (at an annual rate of 9.5%), while
employment in the ICT manufacturing sector has followed the declining trend
of overall manufacturing employment.

Given all these data, at this point it is possible to analyse the main fac-
tors that have contributed to the recent growth performance, and that are
considered in the models presented in this dissertation.

First of all, innovation and technological change are important factors in
this growth performance, and the developments in ICT are the most important
source of technological progress in the 1990s. Moreover, investment in innova-
tion is rising: in the US business spending on R&D was about 2% of GDP at the
end of the 1990s, and the data show that there is a close relationship between
investment in technology and productivity performance, in fact the countri-
est with large increases in the intensity of R&D to GDP have experienced a
pick-up in MFP growth in the 1990s. The ICT sector also invests heavily in
R&D, and in the US the business R&D expenditure by ICT manufacturing
industries as a percentage of GDP was 0.5% in 1990 and 0.6% in 2000, while
the business R&D expenditure by ICT services industries was 0.2% in 1998.
Furthermore, the share of ICT manufacturing in total R&D expenditure of the
manufacturing sector was 32% in 1990 and 38% in 2000. Taking into account
all these elements, Chapter 1 of this dissertation considers precisely the role
of R&D and of innovation in the growth performance of the recent ICT-based
economy.
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A second factor that a ects growth derives from the observation that there
is also a relationship between human capital (i.e. the skills and competen-
cies embodied in workers) and labour productivity, so that improvements in
one lead to increases in the other, and therefore human capital is a significant
determinant of economic growth. In OECD countries, in particular, one ad-
ditional year of schooling would, on average, lead to about 6% higher GDP
in the long run. The productivity-enhancing role of human capital is due to
its complementarity with new technology (ICT use requires skills and compe-
tencies), and for this reason the demand for knowledge-intensive employment
has risen considerably. In OECD countries the employment growth of knowl-
edge workers has been of 3.3% per year in 1992-99 and these workers have
also enjoyed a considerable rise in their real pay. In the US between 1985 and
1998 real earnings of knowledge-intensive workers grew cumulatively by almost
17%, compared with 5.25% for the average employee, while goods-producing
occupations su ered a cut in their real earnings of nearly 2.5%. In the light of
all these data, Chapter 2 of the thesis focuses on the role of human capital as
engine of growth in the recent ICT revolution.

Finally, a third factor that influences growth can be found observing that the
greatest benefits from ICT are realised when ICT investment is combined with
other organizational assets such as new strategies, new business processes, new
organizational structures and better worker skills. In e ect, there is a marked
association between ICT use and new work practices (teamworking, employee
involvement, flatter management structures, that entail a greater degree of
responsibility of individual workers regarding the content of their work and,
to some extent, a greater proximity between management and labour), and
during the 1990s labour productivity in US firms which implemented ICT and
reorganised work grew very rapidly. Given these elements, Chapter 3 of the
dissertation examines exactly the role of new organizational practices in the
recent ICT-driven economic expansion.

In conclusion, the drivers of the economic performance that has character-
ized the new economy are represented by the interaction between ICT, inno-
vation, human capital and organizational change. Over the past ten to fifteen
years it has become clear that production of goods and services increasingly
requires not only traditional factors such as physical capital and labour, but
also skills, know-how, organizational structures and other factors referred to as
“intangible” assets. Investment in ICT is one of these factors, human capital is
a second factor, and new organizational practices are another important intan-
gible factor a ecting firm e ciency and performance. The complementarities
between ICT, innovation, human capital and organization have been consid-
ered, from the beginning of the 1990s, the most important characteristic of a
new firm paradigm, and a number of empirical studies have shown that such
e ects do exist and contribute significantly to firm performance.

The present dissertation studies precisely the importance of these factors,
by proposing some theoretical models in which they play a central role, and
that allow to explain the growth performance of the recent ICT-based economy.
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The contribution of the present study

In order to explain from a theoretical point of view the ICT revolution
described above, with its main characteristics (e.g. the importance of the
computer-producing and of the computer-using sectors in the recent behaviour
of productivity, the role of human capital, the e ects of the new technologies
on work organization), a number of models have been developed. One of the
first and of the most important is due to Greenwood, Hercowitz and Krusell
(1997), that first emphasized the role of “embodied technological change”, i.e.
the fact that a fundamental characteristic of the ICT revolution is the em-
bodied nature of the resulting technological progress, so that only the new
machines incorporate the latest technological advances. Indeed, as outlined in
the previous pages, the relative price of capital has declined very quickly during
the last decades, and this means that technological progress is more and more
investment specific.
The embodied technological change is now considered a central aspect of

modern growth, and for this reason this line of research has been followed by
other contributions, for instance the one due to Boucekkine and de la Croix
(2003). This analysis, in particular, tries to explain the essential characteristics
of the ICT revolution in the framework of endogenous growth theory, and to
obtain indications regarding the determinants and the long term viability of an
ICT-driven economic expansion. In this case the authors consider the e ects
of positive supply shocks (especially in the hardware and in the R&D sectors,
according to the recent empirical literature of the digital revolution), and they
find that only a positive productivity shock in the R&D sector has long term
growth e ects (while a similar shock in the capital sector is unable to produce
similar e ects). As a consequence, only if the ICT-driven growth episode is
based on an increase in the productivity of R&D it is possible to conclude that
this expansion is likely to have permanent e ects in the economy.
The present study moves in the same direction, considering endogenous

growth and embodiment as key elements for the elaboration of models that
aim at explaining the main features of the new economy. Indeed, technological
progress that takes place through R&D activity, capital accumulation (in form
of both physical and human capital) and, recently, organizational capital are
considered as key factors in the explanation of the recent economic growth, and
this dissertation is concerned precisely with them.

In Chapter 1, in particular, a model is developed in order to explain some
characteristics of the ICT revolution that emerge from the data, mainly the
behaviour of output growth as a consequence of productivity shocks linked
to the introduction of new technologies. This model underlines the role of
embodiment and the long run implications of embodied technological change,
starting from the contribution of Boucekkine and de la Croix but departing
from it in two important aspects, that concern the composition assumed for
the workforce and the specification adopted for the R&D sector (that in the
original model is responsible of the main conclusion, according to which only
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R&D shocks are likely to yield long term growth e ects). In this case, in fact, a
homogeneous workforce is assumed (while Boucekkine and de la Croix consider
two types of workers, skilled and unskilled), furthermore the so-called “lab-
equipment” specification (first introduced by Rivera-Batiz and Romer, 1991)
is assumed for the R&D sector.

The model developed is a multi-sectoral model in discrete time with infi-
nite horizon, endogenous growth and horizontal di erentiation. In particular,
it considers an economy made of 4 sectors (final good sector, equipment sector,
intermediate good sector and R&D sector) and with a utility-maximizer repre-
sentative household that consumes, saves for future consumption and supplies
labour. In addition, technological progress is mainly embodied (the idea is
that the new softwares can only be run on the most recent hardware) and the
innovators have a market power represented by copyrights, in order to stimu-
late innovation and growth, all elements that are important to reproduce the
essential characteristics of the ICT sector.

Starting from this framework first of all it is possible to solve the optimiza-
tion problems of the di erent sectors, to derive the equilibrium conditions and
to analyse the balanced growth path. The result is that in this model output,
consumption, investment, number of varieties of software and wages grow at
the same rate, while the stock of capital grows faster (since it includes improve-
ments in the embodied productivity), and the system is able to display growth
of the economy. Finally, it is possible to obtain the steady state system of
the model, from which some analytical results concerning the e ects on growth
of di erent shocks that can interest the economy can be found. These results
show in particular that permanent changes in the productivity of the final good
sector, in the productivity of the equipment sector and in the productivity of
the intermediate good sector a ect the long run growth rate of the economy.
This is the main di erence with respect to the original version of the model
(without “lab-equipment” assumption), in which long term growth is a ected
only by changes in the productivity of the R&D sector. This is due to the
fact that in both versions of the model long term growth relies on horizon-
tal di erentiation of R&D, but in the “lab-equipment” version the production
function in the R&D sector is implicitly the same as in the final good sector,
while in the other version the production function in the R&D sector is more
labour intensive. The result is that a shock, for example on the total factor
productivity of the final good sector, has an e ect on long term growth in the
“lab-equipment” model (because it corresponds to a shock on the productivity
of the R&D sector, that is the engine of growth in this kind of model), while it
doesn’t have this e ect in the other model.

These are the main results that can be obtained analytically, while other
insights can then be obtained resorting to the numerical simulation. This
requires a calibration, that is chosen in such a way that it reproduces the
essential features of the new economy on the basis of the empirical evidence
available. At this point, the benchmark case can be used first of all to study
the e ects (in particular in the short run) on the calibrated version of the
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model of the di erent types of shocks that can interest the economy. It is also
possible to determine the magnitude of the e ects of the shocks on the relevant
variables in the short and in the long run, and to compare these results with
the available data concerning the US economy in order to verify the ability of
the model to replicate the real situation. In particular, it turns out that the
intensity of growth, in the long run, as a consequence of these shocks is linked
to the size (in terms of GDP) of the sector that is interested from the shock.
More precisely, the e ects on growth are stronger when the shocks concern the
final good sector (that is very important, in fact more than 90% of the labour
force is employed in this sector) or the R&D sector (that in this model is the
true engine of growth), while they are weaker when the shocks concern the
equipment sector or the intermediate good sector (that are less important).
The benchmark case, then, can be used also to verify the robustness of the

model. With reference to this aspect, starting from the benchmark it is possible
to consider significant changes in the relevant parameters and to simulate again
the model (in order to verify the response of the economy to the di erent
shocks when the new values of the parameters are taken into account). The
results obtained show that the model is su ciently robust, since when some
parameter is significantly modified with respect to the benchmark case, both
the qualitative and the quantitative implications of the model remain valid.
The last step considered is an extension of the model, taking into account

the presence of learning and spillover e ects from the ICT sector to the rest of
the economy. This extension turns out to be able to reproduce empirically the
behaviour of US productivity in the recent years.

In Chapter 2 the problem studied is the role of R&D and human capital
accumulation in the growth process that has characterized the ICT revolution,
in line with the recent theoretical and empirical advancements in the endoge-
nous growth literature, according to which not only R&D activity, but also
human capital accumulation, is a primary determinant of economic growth. To
this end the model presented in Chapter 1 is extended, in order to consider
a framework able to reproduce the most important aspects of an “ICT-based
economy” and in which a central role is played by human capital accumulation.
Indeed, one of the characteristics of the so-called “New Economy” is that hu-
man capital can be of great importance, since education is crucial in acquiring
the knowledge necessary to use the new technologies, and at the same time an
increase in ICT makes it easier to accumulate human capital.
The model presented here builds on Romer (1990) and Boucekkine and de la

Croix (2003) for the general structure (the sectors of the economy are the same
considered in the model of Chapter 1), but departs from them in some respects.
In particular, the R&D sector assumes again the “lab-equipment” specification
(Rivera-Batiz and Romer, 1991), and a human capital accumulation activity
of the kind introduced by Lucas (1988) is considered. More precisely, the main
di erences with respect to the previous model are represented by the fact that
human capital is employed as a production factor in the final good sector and in
the intermediate good sector, and by the fact that the representative household
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also invests in human capital, by devoting a fraction of time to non-productive
activities (schooling). This human capital accumulation, then, turns out to be
the true engine of growth of the model.

Also in this case, starting from this framework it is possible to solve the
optimization problems of the di erent sectors, to derive the equilibrium con-
ditions and to analyse the balanced growth path, obtaining explicitely (in the
case of constant productivity of schooling) the growth factors of the di erent
variables (contrary to the model of Chapter 1, where only a parameterized solu-
tion can be obtained). In its more general formulation, then, the model studies
the ICT productivity-enhancing role in education, considering the producti-
vity of human capital (i.e. of schooling) as a function of technological progress,
that specifies the complementarity between human capital accumulation and
technological progress (since new technologies can allow people to be more ed-
ucated). In this case the di erent growth factors and the di erent long run
levels can be found only numerically (and not analytically as in the benchmark
version of the model with constant productivity of human capital). Finally,
it is possible to obtain the steady state system of the model, and then some
results concerning the e ects on growth of di erent shocks that can interest
the economy, and that can be compared with the available data. These results
show in particular that permanent changes in the productivity of the final good
sector, in the productivity of the equipment sector and in the productivity of
the intermediate good sector do not a ect the long run growth rate of the econ-
omy (contrary to what happens in the model of the previous Chapter), while
it is a ected by the productivity of schooling (that in this model is the true
engine of growth).

Resorting to numerical simulations it is then possible to obtain other in-
sights. In particular, a first issue that is considered consists in studying how
the economy reacts, in the short run, to the shocks on the productivities of the
di erent sectors. With reference to this aspect it turns out that an increase in
the productivity of the final good sector and a decrease in the cost of a new
variety of software, on the one hand, and an increase in the productivity of the
equipment sector and an increase in the productivity of the intermediate good
sector, on the other hand, have similar consequences. We also have that con-
sidering the more general version of the model with productivity of schooling
depending on technological progress, the short run behaviour of the variables
is di erent with respect to the benchmark model in which the productivity of
schooling is constant.

From the simulations, then, it emerges an important property of the model,
represented by the presence of so-called “imbalance e ects” with reference to
some variables: when the initial value of these variables is di erent from the
steady state value (in particular, lower) the growth rate of the economy is
higher than the rate we have in correspondence of the steady state value of
the variables considered. A deep analysis of imbalance e ects in endogenous
growth models is presented in Barro and Sala-i-Martin (1995), that outline as
the typical imbalance emerges considering the relationship between the growth
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rate of output and the ratio (physical capital/human capital). The central

idea is that when the value of the ratio is di erent from the steady state
value (in particular, when it is lower), the growth rate of the economy is higher
than the rate we have in correspondence of the steady state value of . In
this model it is possible to study the presence of imbalance e ects relatively
to the ratio between physical and human capital, the ratio between physical
capital and R&D expenditure and the ratio between human capital and R&D
expenditure. In all these cases in turns out that the growth rate of output rises
with the magnitude of the imbalance when the ratios considered are below
their steady state values, while it rises more slowly with the magnitude of the
imbalance when the same ratios are above their steady state values, confirming
in all the three cases the presence of an (asymmetric) imbalance e ect, in line
with the results of Barro and Sala-i-Martin.

The imbalance e ects continue to be present also considering an extension of
the benchmark model through the introduction of the notion of “broad output”,
or the more general formulation in which the productivity of human capital is a
function of technological progress. First of all, the notion of “broad output” is
a concept used by Barro and Sala-i-Martin (1995) in their analysis of imbalance
e ects. Indeed, measured output can be broadened to include gross investment
in human capital multiplied by an appropriate shadow price of human capital,
and broad output is therefore defined as the sum of narrow output and the
value in units of goods of the gross investment in human capital. The result
is that in this extension of the model the growth factor of broad output tends
to be a monotonically decreasing function of the ratio between physical and
human capital (exactly as obtained by Barro and Sala-i-Martin, 1995): when
the ratio is below its steady state value the growth rate of broad output rises
with the magnitude of the imbalance, while when this ratio is above its steady
state value the growth rate of broad output declines with the magnitude of the
imbalance. Also when we introduce the notion of broad output, therefore, an
asymmetric imbalance e ect is present in the model.

Similarly, considering the formulation in which the productivity of human
capital is a function of technological progress it is possible to show that the
imbalance e ects continue to be present (especially with reference to the be-
haviour of the growth factor of output in relation to the ratio between physical
and human capital, where the imbalance is particularly evident). Moreover,
they are asymmetric, since the growth rate of output is higher when the ratio
considered is below its steady state value, while it declines when this ratio is
above its steady state value, always in line with the results obtained by Barro
and Sala-i-Martin.

In Chapter 3 the issue considered is represented by the role of another form
of capital, organizational capital, that has recently been advocated to explain
the productivity slowdown and that can be linked with the analysis of the ICT
boom (the main reference is the literature that outlines the complementari-
ty between innovation in organization and investment in ICT, that are both
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necessary to boost productivity, since it is necessary to have computers but
it is also necessary to reorganize, otherwise there are no e ects on productiv-
ity). In this Chapter a di erent model is introduced, in order to deal with the
phenomenon, observed in the last decades with the di usion of Information
and Communication Technologies, represented by the adoption by many firms
of new organizational practices, characterized by a tendency towards multi-
tasking. In e ect, the recent ICT revolution has favoured the development of
numerous innovative workplace practices in most OECD countries, and it turns
out that productivity gains from investing in ICT cannot be significant without
an appropriate evolution in the workplace organization towards more flexibility,
which in turn is likely to rise the demand for skilled labour. Indeed, following
the ICT revolution, work organization inside firms evolved from specialization
to multi-tasking, and flexible forms of workplace organization have largely dif-
fused in most OECD economies. For example, the two thirds of American
firms and 57% of German establishments now rely on multi-tasking, and the
proportion of workers involved in organizational changes increased continuously
(and even doubled) in Great Britain and France. Parallel to this trend, it has
also been observed an increasing employment share of skilled workers in major
OECD countries during the 1990s along with the dissemination of ICT. A defi-
nitely much less stressed aspect of organizational change, finally, is the impact
on human resources departments. In general, one would expect that the role
of such department will be significantly altered in a situation where flexible
forms of work organization are so massively adopted, and a quick look at the
data confirms this intuition. In particular, the management ratio increased in
many OECD countries during the twentieth century, but started decreasing in
the early 2000s. In France for instance, the percentage of workers employed in
managerial and professional specialty occupations rose from 7.1% in 1982 to
11.1% in 2000 and decreased to 4.8% in 2004. Similarly, this ratio ranges from
10.5% in 1970 to 14.6% in 2000 and 13.9% in 2004 in the United States.

The evolution of skills, job content and work organization observed in many
OECD countries over the past decades has therefore been characterized by an
increase in the proportion of workers employed in managerial occupations to-
gether with a recent decrease since the ICT revolution, a di usion of innovative
workplace practices based on multi-tasking and computer use and an increase
in skills requirements.

The fact that the development of multi-tasking seems to be accompanied by
an increase and then a decrease in the management ratios could suggest that
coordinating workers and tasks should become more complex in the new econ-
omy. Becker and Murphy (1992) already argued that unlike Adam Smith’s
argument, specialization and the optimal division of labour would be deter-
mined more by the cost of combining specialized workers - i.e. coordination
costs - than by the extent of the market. In particular, two types of coordina-
tion costs matter: the costs incurred by firms when coordinating workers’ e ort
across various tasks and the costs of versatility incurred by workers subject to
increased pressure and work rhythms.
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The model proposed in this Chapter considers the former types of costs
and, in particular, studies the determination of the optimal number of tasks
performed per worker in an economy where individuals devote time to produc-
tion and human capital accumulation, and where multi-tasking both increases
production and gives rise to coordination costs. Coordination costs could take
several forms, and here it is possible to distinguish between horizontal coordi-
nation costs (which involve the costs of coordinating the tasks accomplished by
each production worker), and vertical coordination costs (which reflect coordi-
nating di erent workers). In the model presented, the first can reduce the coor-
dination costs by assigning more workers to pure coordination non-productive
tasks. At this point, first of all it is possible to derive the optimality conditions
for the problem of the firm and for the problem of the representative household,
and to define the equilibrium for the decentralized economy, together with the
steady-state values of the di erent variables and the associated comparative
statics.
The next step is the simulation of the model, in order to study how the econ-

omy reacts to permanent exogenous technological accelerations (in particular
to a shock on the productivity of output, to a shock on the e ciency of human
capital and to a shock on the coordination costs). The important result is rep-
resented by the fact that the model is able to reproduce the three stylized facts
outlined above. In fact, it delivers a permanent trend towards multi-tasking and
human capital accumulation following permanent technological accelerations,
while the size of the human resources department, that is the fraction of work-
ers devoted to reduce coordination costs, is also significantly raised and then
reduced. The model presented in this Chapter, therefore, behaves extremely
well in replicating the organizational features of the ICT revolution.

In conclusion, this dissertation proposes some theoretical models that are
able to describe and to reproduce the most important characteristics of the new
economy, underlining the fundamental role of some factors (innovation, human
capital and organization) that are at the origin of the growth performance of
the recent ICT-based economy.



Chapter 1

Information Technologies, Economic

Growth and Productivity Shocks

1.1 Introduction

The sector of Information and Communication Technologies (ICT) has been
recently considered of fundamental importance in the explanation of the eco-
nomic performance of several countries. In particular, the strong productivity
growth registered in the computer sector (i.e. in the production of hardware)
has led some analysts to conclude that the era of a “New Economy” has begun,
an era that can be considered a sort of “Third Industrial Revolution” in which
information and communication technologies can be compared with the great
inventions of the past that characterized the traditional Industrial Revolution.

For all these reasons, a great attention has been devoted to the study of
what has been called the “ICT Revolution” and of its e ects on the economy,
and the debate is largely open, both from an empirical and from a theoretical
point of view.

On the empirical side, the main studies (Gordon, 1999, 2000, Jorgenson
and Stiroh, 2000, Oliner and Sichel, 2000, Whelan, 2000) outline the strong
productivity growth in the computer sector (particularly in the years 1995-
1999, with an increase of about 42% per year), but at the same time evidence
also problems of measurement of the real contribution of ICT to the growth
and productivity of the economy, together with the fact that the productivity
growth in the computer sector has not been accompanied by spillovers from this
sector to the rest of the economy. Therefore, there are reasonable doubts about
the long-term viability of the ICT-driven economic expansion (as summarized
by Boucekkine and de la Croix, 2003).

On the theoretical side, the most important contributions (Greenwood and
Yorukoglu, 1997, Greenwood, Hercowitz and Krusell, 1997, Greenwood and
Jovanovic, 1998, 1999, Hobijn and Jovanovic, 1999, Jovanovic and Rousseau,
2000) underline the importance of embodiment of technological progress (i.e.
the fact that only the new machines incorporate the latest technological ad-
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vances), and at the same time the fact that the ICT revolution has been accom-
panied by some “puzzling phenomena”. In particular, on the real side there
has been an initial strong decrease in the productivity of the whole economy
(the so-called “productivity slowdown”) immediately after the beginning of the
ICT revolution (in the early ’70s), followed only recently by a rise (in the late
’90s the rise of productivity in the computer sector has been larger than 40%
in the US).

Table 1.1 reports , with reference to the last decades for the US, the behav-
iour of labour productivity (measured by GDP per hour worked) and of multi-
factor productivity (that measures the overall e ciency with which combined
inputs are used in the economy). From its analysis it turns out that labour
productivity growth continued to improve over the 1990s and then picked-up in
2002 (in e ect the average growth of 2% per year over the decade 1990-2000 has
been determined by an average growth of 1.3% per year in 1990-95 and of 2.5%
per year in 1995-2000) and that MFP has been characterized by a structural
improvement from the 1980s to the 1990s.

Table 1.1: Labour productivity and multi-factor productivity

in the US, 1980-2000 (average growth per year)

1980-1990 1990-2000

GDP per hour worked +1.3% +2%

Multi-factor productivity +1% +1.2%

Source: OECD (2000)

The main explanations that have been proposed are based on the idea that
the initial drop in productivity is due to an adoption period of the new tech-
nologies (because the pre-existing firms are not able to use immediately these
new technologies at their full potential); this period is characterized by learning
costs and slow di usion (and it is precisely in this phase that the “productivity
slowdown” takes place), and it is followed by an age of maturity during which
the ICT sector starts driving the whole economy.

A di erent view is taken by Boucekkine and de la Croix (2003), that argue
the possibility of explaining the essential characteristics of the ICT revolution in
the framework of endogenous growth theory (considering endogenous embodied
technological progress), and to obtain indications regarding the determinants
and the long term viability of an ICT-driven economic expansion. In particular,
they consider the e ects of positive supply shocks (especially in the hardware
and in the R&D sectors, according to the recent empirical literature of the
digital revolution), and they find that only a positive productivity shock in the
R&D sector has long term growth e ects (while a similar shock in the capital
sector is unable to produce similar e ects). As a consequence, only if the ICT-
driven growth episode is based on an increase in the productivity of R&D it is
possible to conclude that this expansion is likely to have permanent e ects in
the economy.
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The model presented in this Chapter tries to explain some characteristics
of the ICT revolution that emerge from the data, in particular the behaviour
of output growth as a consequence of productivity shocks linked to the intro-
duction of new technologies, modifying that of Boucekkine and de la Croix. In
fact, it is based on that model but it departs from it in two important aspects,
concerning the composition assumed for the workforce and the specification
adopted for the R&D sector. It is a multi-sectoral endogenous growth model
(of Romer’s type, 1990, in order to capture the R&D e ort of the firms oper-
ating in the ICT sector) and it reproduces some of the essential characteristics
of the ICT-based economy, in particular the embodied nature of technological
progress (since the technological innovations that characterize the ICT sector
are typically embodied in the new capital goods), the preeminent role of the
R&D sector (since the amount of resources devoted to research is particularly
high, especially in the US), and the link between innovation and market power
(since ICT markets are typically non-competitive).
A first di erence with respect to the contribution of Boucekkine and de

la Croix lies in the composition of the workforce. Indeed, the present model
assumes a homogeneous workforce, while Boucekkine and de la Croix consider
two types of workers (skilled and unskilled). A second di erence lies in the spec-
ification of the R&D sector. In e ect, in the original version of the model the
main conclusion (according to which only R&D shocks are likely to yield long
term growth e ects) is biased because it is indeed obtained “by construction”,
through the specification adopted for the sector that creates new softwares.
The objective of the present work is to study what happens if such a flaw does
not exist, and this is done by assuming for the R&D sector the so-called “lab-
equipment” specification (first introduced by Rivera-Batiz and Romer, 1991).
In this case the R&D input is expressed in units of the final good, and therefore
labour is not an input of the research process, while in the model of Boucekkine
and de la Croix it is assumed that the R&D sector uses skilled labour. These
are the two novelties of the present model with respect to the one of Boucekkine
and de la Croix, from which its added-value derives. With this specification it
is then possible to compare (also analytically) the long term e ects of di erent
types of shocks. Furthermore, the numerical simulation allows to compare the
short run e ects of these shocks, and to prove the robustness of the model.

The first conclusion obtained is that the di erent assumption for the R&D
sector (represented by the “lab-equipment” specification) of the present model
with respect to the original contribution of Boucekkine and de la Croix has the
e ect of allowing growth as a consequence of productivity shocks in all sectors
(final good sector, equipment sector, intermediate good sector, R&D sector),
while in the original model only a shock on the productivity of the research
sector produces long-term growth in the economy.
An important aspect is then represented by the fact that the intensity of

growth, in the long run, as a consequence of these shocks is linked to the size (in
terms of GDP) of the sector that is interested from the shock. More precisely,
the e ects on growth are stronger when the shocks concern the final good sector
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(that is very important, in fact more than 90% of the labour force is employed
in this sector) or the R&D sector (that in this model is the true engine of
growth), while they are weaker when the shocks concern the equipment sector
or the intermediate good sector (that are less important, for instance the latter
employes less than 10% of the labour force, see OECD, 2004).

Considering in particular the software (i.e. the intermediate good) sector
(and also the computer - i.e. the equipment and intermediate good - sector),
it turns out that it has not a very strong weight in the economy (for instance
in terms of labour force employed), and therefore it has not a strong e ect on
growth. This is consistent with the analysis developed by Triplett (1999), that
outlines as the shares of computers in the capital stock and in the input of
capital services are small, and since an input with a small share cannot make a
large contribution to economic growth, it should not be expected to see a major
impact on growth from investment in computers. Indeed, from the analyses of
Oliner and Sichel (1994) and of Jorgenson and Stiroh (1995) it emerges that
computing equipment accounts for only about 2% of the physical capital stock,
and as a consequence the contribution of computer equipment to economic
growth (even during the 1980’s, when computer technology became widely
di used in the economy) was relatively small (about 0 15% 0 20% on a total
of 2 5% 3 0% of average annual output growth rate). In conclusion, according
to this view, computers make a small contribution to growth because they
account for a small share of capital input, and this observation allows to solve,
at least partially, the so-called “Solow paradox”, according to which “...we can
see computers everywhere except in the productivity statistics” (Solow, 1987).
In reality this is not completely true, in the sense that computers are not
everywhere (in terms of GDP), and therefore the fact that they don’t give a
very strong contribution to growth doesn’t represent a paradox, but is simply
a consequence of their relatively small size in the economy.

The results of the model, according to which the new technologies don’t
determine a very strong growth in the economy, are also consistent with an-
other explanation, based on the notion of “intangible assets”, presented in the
analysis developed by Gordon (2004). This study underlines the fact that US
productivity grew more rapidly after the peak in ICT investment and in the
stock market of mid-2000 than in the period 1995-2000 when ICT investment
was very strong, and accelerated in 2002-2003 when ICT investment boom
collapsed. The idea that can be used to explain this situation is that the
productivity revival in the late 1990s was mismeasured, due to the exclusion
of massive amounts of “intangible” or “hidden” capital from the investment
and capital data in the national accounts. Indeed, together with computer
hardware, there is a large quantity of complementary capital investment, rep-
resented by intangible capital (including software), new business processes and
human capital, that are not included in the national accounts as investment
and are “hidden” as a business expense. The boom in measured ICT invest-
ment in the late 1990s was accompanied also by a boom in unmeasured (i.e.
hidden) capital, and in the computation of productivity the numerator did not



1.1. Introduction 5

count the creation of the intangible capital while the denominator included the
labour input used to produce it, therefore the measured productivity growth
was substantially lower than the true productivity growth. After 2000, then,
the reverse happened, because measured output included the benefits of the
previous hidden investment while measured labour input declined, since part
of the labour force that produced the hidden output in the late 1990s had been
laid o . In conclusion, before 2000 there have been substantial investments in
intangible assets with no e ects on productivity, while after 2000 there have
been spillover e ects of the intangible assets with an increase in the produc-
tivity, and this dynamics can explain, at least partially, why US productivity
growth has been particularly strong during a period (the years 2000-2003) of
relatively low measured ICT investment. Indeed, it is possible to observe that
intangible assets are particularly important in modern economies; for instance,
at the beginning of the 1990s these assets accounted for more than 35% of the
total public and private investments in the Netherlands, while in Sweden the
share of investment flows geared to intangible assets was at 20% of GDP and
in the US investments in intangible assets exceeded investments in tangibles.
These data confirm also the importance of the so-called “weightless economy”
(considered in particular in the analysis developed by Quah, 1999).

In the model of this Chapter, this increasing role of intangible capital can
be represented by an increase in the parameter (that a ects the labour force
in the software sector and the growth of output), that is a first key element.
A second key element is the cost of research, represented by the parameter
(since in this model the engine of growth is the research sector), while a third
key element is the capital/output ratio, that is a ected by the parameter
(this ratio is crucial because a decrease in it increases the importance of the
“weightless economy”). All these elements must be taken into account in the
sensitivity analysis, that is performed in order to verify the robustness of the
model.

The Chapter is organized as follows. Section 1.2 illustrates the model, with
the di erent sectors in the economy. Section 1.3 describes the equilibrium con-
ditions, characterizes analytically the balanced growth path and derives the
corresponding steady state system, from which it is possible to find some an-
alytical results concerning the e ects on growth of di erent shocks that can
interest the economy. Section 1.4 considers the numerical simulation of a cali-
brated version of the model, that allows to obtain interesting results concerning
the short run response of the system to the shocks and the robustness of the
model (taking into account in particular, in the sensitivity analysis, the three
key elements mentioned above, i.e. the weight of intangible assets, the cost of
research and the capital/output ratio). These results are also compared with
the available data concerning the US, in order to verify the ability of the model
to reproduce the real situation. Furthermore, an extension of the model is
considered, taking into account the presence of learning and spillover e ects,
in order to reproduce the behaviour of US productivity in the recent years.
Section 1.5 concludes, while the computations are reported in the Appendix.
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1.2 The model

The model developed is based on Boucekkine and de la Croix (2003) and
Romer (1990), and is a multi-sectoral model written in discrete time with in-
finite horizon (time goes from 0 to ), endogenous growth and horizontal
di erentiation. The economy is characterized by 4 sectors: the final good sec-
tor, the equipment sector, the intermediate good sector and the R&D sector.
In particular, the final good sector produces a composite good (used to con-
sume or to invest in physical capital) using e cient capital (bought from the
equipment sector) and labour; the equipment sector produces e cient capital
(sold to the final good sector) using physical capital (that can be interpreted as
hardware) bought from the final good producers and immaterial capital (that
can be interpreted as software) bought from the intermediate good produc-
ers; the intermediate good sector produces the immaterial capital (sold to the
equipment sector) using only labour; the R&D sector researches for new va-
rieties of immaterial capital and in this way increases the range of softwares
(horizontal di erentiation).
In this model technological progress is mainly embodied (the idea is that

the new softwares can only be run on the most recent hardware) and the in-
novators have a market power represented by copyrights, in order to stimulate
innovation (that corresponds to an expansion in the varieties of softwares that
are available) and growth. All these elements are important to reproduce the
essential characteristics of the ICT sector.
As outlined in the Introduction, two crucial elements distinguish this model

from that of Boucekkine and de la Croix. The first is the assumption of a
homogeneous workforce, since the final good sector uses e cient capital and
labour, while in the model of Boucekkine and de la Croix it is assumed that
the final good sector uses e cient capital and two types of labour, skilled and
unskilled. The second di erence is the specification of the R&D sector, since
the model assumes the “lab-equipment” specification, according to which the
R&D input is expressed in units of the final good (and therefore labour is not
an input of the research process), while in the model of Boucekkine and de la
Croix it is assumed that the R&D sector uses skilled labour.

1.2.1 The final good sector

The final good sector produces a composite good (used to consume or to
invest in physical capital) using e cient capital (bought from the equipment
sector) and labour. We assume therefore a homogeneous workforce, and this
is an important di erence with respect to the model of Boucekkine and de la
Croix that considers two types of labour (skilled and unskilled) as inputs.
Production is obtained through the following Cobb-Douglas technology (as

in Solow, 1960):

= 1 [0 1] (1.1)

where represents total factor productivity (disembodied technological progress,
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since an increase in rises the marginal productivity of all vintages of e cient
capital, independently of the age structure of the stock of e cient capital - while
in the case of embodied technological progress it is specific to the equipment
of a given vintage -). The stock of capital is defined as:

=
X

=

(1 ) (1.2)

where represents the e cient capital bought from the equipment sector at
time and is the physical depreciation rate (constant).
The discounted profits of investing in e cient capital are given by:

=
X

=

[ ]

where:
= 1 =

Q
= +1

³
1

1+

´

represent the discount factors at time and at time respectively, is the
interest rate at time , is the wage for labour input at time and is
the price of e cient capital at time . The representative firm chooses e cient
capital and labour input in order to maximize its discounted profits taking
prices as given and subject to its technological constraints:

max
{ } =

(1 1) (1 2)

The first-order conditions characterizing an interior maximum for are:

1
X

=

(1 ) ( ) 1 = (1.3)

(1 ) = (1.4)

and from (1 4) we obtain:

=

µ
(1 )

¶ 1

(1.5)

that is the demand for labour by the final good sector.
The present model can also be compared with the traditional growth model

with expanding variety of products (see for instance Barro and Sala-i-Martin,
1995). With reference to this comparison, in particular, equation (1 1) above
corresponds to:

= 1
X

=1

( )
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of the model with expanding product variety, while the profit function here is
the equivalent of:

=
X

=1

in that model.

1.2.2 The equipment sector

The equipment sector produces e cient capital (sold to the final good sec-
tor) using physical capital (hardware) bought from the final good producers
and immaterial capital (software) bought from the intermediate good produc-
ers (exactly as in the model of Boucekkine and de la Croix). E cient capital
is produced with a constant return to scale technology:

= 1 (0 1) (1.6)

where is a productivity variable, represents physical capital (hardware)
and represents immaterial capital (software). The immaterial capital is built
from a series of specialized intermediate goods, according to a Dixit-Stiglitz
CES function:

=

µZ

0

1
¶

1

(1.7)

where is the number of varieties of intermediate input available in ,
is the quantity of intermediate input of variety used in and 1 is the
elasticity of substitution between two varieties.
The profits of the equipment sector at time are:

0 =

Z

0

where is the price of software of variety at time . The representative
firm chooses the investment in physical capital and in immaterial capital in
order to maximize profits taking prices as given and subject to its technological
constraints:

max 0

(1 6) (1 7)

The first-order conditions for this problem are:

(1 ) = 1 (1.8)

1

µ ¶ 1

= [0 ] (1.9)
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where = is the software-hardware ratio, and from (1 8) and (1 9) we
obtain:

=

µ ¶
(1.10)

that is the demand for intermediate input by the firms of the equipment sector
at time (here we have defined = 1 ).

1.2.3 The intermediate good sector

The intermediate good sector produces immaterial capital (software, sold
to the equipment sector) and it researches for new varieties, in order to expand
the range of software.

The production activity

The variety of software is produced according to a linear technology that
uses labour as the only input:

= (1.11)

where is the labour employed in the intermediate good sector and repre-
sents labour productivity. The producer behaves monopolistically (since mar-
ket power is given by the presence of copyrights which have an infinite lifetime
- i.e. the inventor of a new variety of software obtains these copyrights forever,
while in the model of Boucekkine and de la Croix these copyrights have a finite
lifetime, then the new softwares become public knowledge -) and its profit is:

00

= =

µ ¶

The price of output is chosen so as to maximize this profit subject to the
demand formulated by the equipment sector, hence the problem solved by the
firm is:

max
00

(1 10)

The first-order condition for this problem is:

µ ¶
=

µ ¶µ ¶
1

from which we get:

=

µ

1

¶
[0 ] (1.12)



10 Chapter 1. Information Technologies, Growth and Shocks

i.e. the output price is a mark-up over unit labour cost (where the mark-up
rate depends on the price elasticity of demand, that is given by ).
Comparing the present model with the traditional growth model with ex-

panding variety of products, equation (1 12) corresponds to:

= =
1

(see Barro and Sala-i-Martin, 1995) according to which the output price (set by
the monopolist that invents a new variety of intermediate good) is a mark-up
on the marginal cost of production.

The research activity

Besides producing softwares, the intermediate good sector researches for
new varieties of immaterial capital, in order to expand their range. In this
version of the model we assume the so-called “lab-equipment” specification of
R&D (introduced by Rivera-Batiz and Romer, 1991), according to which the
cost to create a new type of product (i.e. a new variety of software) is fixed
at units of (i.e. R&D is one of the uses of the flow of current output).
The underlying assumption is that the technology that uses research to create
new products or ideas has the same factor intensities as the technologies that
generate consumables and intermediate goods. This is an important di erence
with respect to the model of Boucekkine and de la Croix, where the research
activity requires labour (and public knowledge, that influences the productivity
of the R&D sector). In the present model, on the contrary, the R&D input is
expressed in units of the final good, and therefore labour is not an input of the
research process.
There will be entry of new firms in the economy until the cost to create a

new variety of software is equal to the discounted flow of profits linked to one
invention, and this equilibrium condition can be written as:

=
X

=

00

and since:
00

=

µ ¶
=

1

1

the free-entry condition is:

=
X

=

1

1

Considering again the parallel with the traditional growth model with ex-
panding variety of products, this condition corresponds to:

=
1

1

µ
1

¶
2

1

Z
( )( )
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(see Barro and Sala-i-Martin, 1995) according to which the cost to create a
new variety of intermediate good is equal to the present value of the returns
linked to this invention.

1.2.4 Household behaviour

After the 4 sectors that characterize the economy it is also possible to con-
sider the household present in this economy. With reference to this aspect, the
representative household consumes, saves for future consumption and supplies
labour. The utility of the representative household at time 0 is:

0 =
X

=0

ln

i.e. it is the discounted sum of instantaneous utilities from 0 to , where
is the psychological discount factor and the instantaneous utility function is
assumed logarithmic. This utility function is a particular case (for = 1) of
the utility function:

=

Z

0

µ
1 1

1

¶

that is considered in the traditional growth model with expanding variety of
products (see Barro and Sala-i-Martin, 1995). The corresponding budget con-
straint is:

+1 = (1 + +1) + (1.13)

where represents the assets held by the household at time .
The representative household chooses the assets held in order to maximize

its discounted utility subject to the budget constraint:

max
{ +1} =0

0

(1 13)

and the first-order condition for this problem leads to:

+1
= (1 + +1) (1.14)

1.3 The equilibrium

It is now possible to characterize the equilibrium of the economy in the
model considered, that is determined by the equilibrium on the labour market
and on the final good market.
First of all, equilibrium on the labour market implies that the labour force

is employed either in the final good sector or in the intermediate good sector:

= +

Z

0

(1.15)
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where the supply of labour can be normalized to 1 (i.e. = 1).
Equilibrium on the final good market, then, implies:

= + + 4 (1.16)

where 4 is the cost of research for new varieties.

1.3.1 The equilibrium conditions

The first-order optimality conditions and the market equilibrium relation-
ships obtained above can be used to derive the equilibrium conditions in the
present model (see Appendix 1.6.1 for the computations).
The results obtained are summarized in the following Proposition:

Proposition 1 Given the initial conditions 1 and 1 an equilibrium is a
path:

{ +1} 0

that satisfies the following equations:

µ
(1 )

¶ 1

+

µ
1
¶ µ ¶

1 1 = 1 (1.17)

1
µ
1

¶ 1

= + + 4 (1.18)

1

(1 )

µ
1

¶ 1

= 1

µ
1

1 + +1

¶µ

+1

¶µ

+1

¶
(1.19)

+1
= (1 + +1) (1.20)

= (1 ) 1 + (1.21)

=
1
1

µ
1
¶

(1.22)

1 ( 1)1
·

+1

1 + +1
= 1 1 (1.23)

1.3.2 The balanced growth path

After the characterization of the equilibrium, the next step is the analysis of
the balanced growth path of the model. In this case we assume that the exoge-
nous productivity variables , and and the interest rate are constant in
the long term, while each endogenous variable grows at a constant rate along
a balanced growth path. At this point it is possible to determine the relations
among the di erent growth factors, and the results obtained (see Appendix
1.6.2 for the computations) are expressed in the following Proposition:
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Proposition 2 If grows at a factor 1, then all the other variables grow
at strictly positive rates with:

= = = = = ( ) 1

= ( ) 1

Hence, along a balanced growth path output, consumption, investment,
number of varieties and wages grow at the same rate, while the stock of capital
grows faster (since it includes improvements in the embodied productivity).
The system is therefore able to display growth of the economy.

In this case, in particular, the growth rate of the number of varieties of
softwares is equal to the growth rates of output, consumption, investment
and wages, contrary to the model of Boucekkine and de la Croix. This is due
to the “lab-equipment” specification assumed for R&D, that implies that the
technology that uses research to create new products has the same factor inten-
sities as the technologies that generate consumables and intermediate goods.
As a consequence, the corresponding growth rates are equal. It is also possible
to observe that for given 1, all the growth rates are increasing functions
of , the softwares share in e cient capital. This reflects the fact that the
engine of growth in the model is the expanding varieties of softwares, so that
the bigger the impact of the latter on e cient capital, the higher the resulting
long run growth rates.

It is also possible to observe that the result expressed by Proposition 2
corresponds to the result = = that characterises the traditional
growth model with expanding variety of products (see Barro and Sala-i-Martin,
1995).

1.3.3 The stationarized dynamic system and the steady

state system

The next step of the analysis is the study of the restrictions on the long
run levels, that give the additional information necessary to determine .
Computing these restrictions from the dynamic system expressed by equations
(1 17) (1 23) (i.e. rewriting these equations substituting each variable with
the corresponding expression similar to (1 24)), we end with 7 equations for
8 unknowns ( , , , , , , and - since all the other growth rates
can be expressed in terms of -). The system in terms of levels is therefore
undetermined (this is a usual property of endogenous growth models), but it is
possible to rewrite it in such a way that the indeterminacy is eliminated. This
is done by “stationarizing” the equations by means of some auxiliary variables,
that is by rewriting the system in terms of variables that are stationary (i.e.
constant) in the steady state. In this way it is possible to obtain the stationar-
ized dynamic system corresponding to the original system (see Appendix 1.6.3
for the computations).
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In a similar way it is then possible to obtain the steady state system cor-
responding to the stationarized system (see again Appendix 1.6.3 for the com-
putations). In this case we have a system of 7 equations with 7 unknowns (b,
b, b, b , b, , ) that can be solved (at least from a theoretical point of view).
In reality, given the complexity of the long run steady state, it is impossible
to derive an analytical solution. Nevertheless, it is possible to obtain some in-
teresting intermediate results, in particular it is possible to express each of the
other unknowns as a function of the growth factor , because there are explicit
functions expressing the long run levels (b, b, b, b , b, ) exclusively in terms
of .

The results obtained are expressed in the following Proposition (see Appen-
dix 1.6.3 for the computations):

Proposition 3 At any growth factor , there exist explicit functions expressing
the long run levels b, b, b, b , b, exclusively in terms of :

b= ( ) b = ( ) b= ( )

b = ( ) b = ( ) = ( )

We then have the following Corollary:

Corollary 4 There exists an explicit function ( ) such that the long run
equilibrium growth factor value solves the equation ( ) = 0.

This means that using the -functional expressions of the long run levels
(those of Proposition 3) in any equation of the steady state system it is possible
to obtain an explicit equation involving only ; in this way the system can be
reduced to an explicit scalar equation involving the growth factor , and once
this equation is solved the remaining long run levels can be determined (at
least from a theoretical point of view) using the explicit -functions.

From the expressions of Proposition 3, some other interesting results can be
deduced. In particular, it can be observed that ( ) doesn’t depend neither on
nor on nor on (the variables that measure the productivity, respectively, in

the final good sector, in the e cient capital sector and in the intermediate good
sector) - in fact, substituting in ( ) the expression corresponding to ( )
that appears in the denominator, the terms in and cancel out-. Furthermore,
the function ( ) depends (negatively) on and and the functions ( ),

( ) and ( ) depend on , and (in particular, the first function is
positively related to these variables, while the other two functions are negatively
related to them). In addition, if we consider equation (1 45) and we substitute
b and b1 by their respective -functional expressions, we obtain an equation
involving only that depends on , and , and this means that the long term
growth factor is a ected by the productivity variables , and .
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All these results can be summarized in the following Proposition:

Proposition 5 Assuming that a solution for the steady state system exists,
the long run values of (the productivity in the final good sector) and (the

productivity in the e cient capital sector) a ect the stationary values b, b, b
and b and the long run value of (the productivity in the intermediate good

sector) a ects the stationary values b, b and b. Furthermore , and have
an impact on the long term growth factor .

According to these results, permanent changes in (the productivity in the
final good sector), in (the productivity in the e cient capital sector) and in
(the labour productivity in the intermediate good sector) will a ect the long

run growth rate of the economy. This is the main di erence of this version of
the model (based on the “lab-equipment” specification of R&D) with respect to
the version of Boucekkine and de la Croix without “lab-equipment”, in which
long term growth turns out to be insensitive to changes in and (in that
case, only if the productivity of R&D is boosted, stimulating the creation of
softwares, there is long term growth of the economy). Considering for instance
the e ects of changes in , the di erence between the version of the model
without “lab-equipment” and the version with “lab-equipment” is based on the
fact that in both versions long term growth relies on horizontal di erentiation
of R&D, but in the “lab-equipment” version the production function in the
R&D sector is implicitly the same as in the final good sector, while in the other
version the production function in the R&D sector is more labour intensive.
The result is that a shock on the total factor productivity of the final good
sector has an e ect on long term growth in the “lab-equipment” model (because
it corresponds to a shock on the productivity of the R&D sector, that is the
engine of growth in this kind of model), while it doesn’t have this e ect in the
other model.
The present model therefore supports the view according to which the recent

ICT-based economic expansion (mainly driven by an acceleration of produc-
tivity in the production of e cient capital) should have a permanent e ect
on growth (contrary to the conclusion of the model of Boucekkine and de la
Croix).
These are the results that can be obtained analytically, and in order to get

further insights it is necessary to resort to numerical simulation. In fact, the
equation ( ) = 0 of Corollary 4, that gives the eventual steady state growth
factor, is very complicated (given the complexity of the long run steady state)
and it is impossible to derive an analytical solution. For this reason, to obtain
further results the model has to be simulated numerically.

1.4 Simulation of the model

The model described above can be simulated numerically in order to get
information concerning, in particular, the behaviour of the economy (both in
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the long run and in the short run) as a consequence of shocks that can hit the
system and the robustness of the model. The results of the simulations are also
compared with the available data in order to verify the ability of the model to
reproduce the real situation. This requires a calibration, that is chosen in such
a way that it reproduces the essential features of the new economy on the basis
of the empirical evidence available.

1.4.1 Calibration

The calibration of the model is tailored on the data of the US economy,
therefore the di erent parameters are fixed to values that can be considered
reasonable on the basis of the empirical data, and they are also chosen in
order to match a series of moments of the steady state of the model (the
target moments are reported in Atkinson et al., 1999). In particular, in the
benchmark case the labour share in the final good sector 1 is equal to 0 65
(hence = 0 35, as in Boucekkine and de la Croix, 2003), while the share of
software in the production of e cient capital is equal to 0 85 (this parameter,
together with the labour productivity in the intermediate good sector , is used
to calibrate the size of the new economy in terms of the labour force employed in
the intermediate good and in the R&D sector). As a consequence, the elasticity
of substitution between varieties of softwares is equal to 1 31. The rate of
depreciation of physical capital is 10% (as in Boucekkine and de la Croix,
2003) and the psychological discount factor is 97%. The productivity in the
final good sector is then equal to 3, while the productivity in the equipment
sector is fixed to 12 (in this way we have a capital/output ratio equal to 2)
and the productivity in the intermediate good sector is equal to 0 25 (this,
together with the value chosen for the parameter , implies that about 5% of
the labour force is employed in the intermediate good and in the R&D sector).
Finally, the cost of a new variety of software expressed in units of output (that
derives from the “lab-equipment” specification for R&D) is used to calibrate
the size of the R&D sector and is equal to 20 (in this way the R&D expenditure
is approximately equal to 3 5% of GDP). The moments of the steady state that
have to be reproduced and the values of the di erent parameters that allow to
reach these targets are reported in Table 1 2:

Table 1.2: Relevant moments of the steady state

and values of the parameters, benchmark case

Moments of the steady state Parameter values

Interest rate 4% = 0 35 = 3
Share of labour in intermediate and R&D 5% = 0 85 = 12
Capital/output ratio 2 = 1 31 = 0 25
R&D expenditure in terms of GDP 3 5% = 0 10 = 20
Growth rate of output 0 82% = 0 97
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With these values, therefore, the model leads to a growth rate of output
equal to 0 82% per year, that can be interpreted as the part of output growth
generated by embodied technical progress, and is in line with the available data
(see for instance Greenwood, Hercowitz and Krusell, 1997).

At this point, the benchmark case can be used first of all to study the
e ects (both in the long run and in the short run) on the calibrated version
of the model of di erent types of shocks that can interest the economy. More
precisely, after that the steady state for the initial calibration of the model
has been computed, a shock on a particular variable is considered (here all the
shocks have an intensity equal to 1%), then the new steady state is obtained
and the dynamics of transition from the old steady state to the new one is
determined. In this way it is also possible to determine the magnitude of the
e ects of the shocks on the relevant variables in the short and in the long run,
and to compare these results with the available data concerning the US economy
in order to verify the ability of the model to replicate the real situation, and
this is an interesting contribution of the analysis developed.
The benchmark case, then, can be used also to verify the robustness of the

model. With reference to this aspect, starting from the benchmark it is possible
to consider significant changes in the relevant parameters and to simulate again
the model (in order to verify the response of the economy to the di erent shocks
when the new values of the parameters are taken into account). The results
obtained show that the model is su ciently robust, and represent therefore
another important contribution of the present study.

1.4.2 Long run e ects of productivity shocks

The first result that can be obtained with the calibrated version of the
model described above is represented by the analysis of the long run e ects
of shocks that can hit the economy. The shocks considered are productivity
shocks, more precisely it is possible to consider a shock on (the productivity in
the final good sector), a shock on (the productivity in the equipment - e cient
capital - sector) and a shock on (the productivity in the intermediate good -
software - sector). By Proposition 5 we already know that all these shocks have
a permanent e ect on the long run growth rate. It is then possible to analyse
also how the economy reacts to a reduction in (the cost of a new variety of
software in units of output, i.e. the cost of research). All the shocks considered
are permanent (from = 0) and have an intensity equal to 1%.

The first simulation concerns a shock on the final good sector productivity
parameter , that is increased permanently by 1%. From the analytical results
(Proposition 5) we know that this has an impact on the long term growth rate
(this is a central di erence of the version of the model with “lab-equipment”
with respect to the version without “lab-equipment” studied by Boucekkine
and de la Croix). In e ect, the growth rate of production (that, in this version
of the model, is also equal to the growth rate of the number of patents, i.e. of
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softwares) increases in the long run (Figure 1 1). This is due to the fact
that the “lab-equipment” specification implies that the production function in
the R&D sector is the same as in the final good sector. As a consequence, an
increase in the productivity of the final good sector is equivalent to an increase
in the productivity of the R&D sector, and since this sector is the engine of
growth in the model (through the expansion in the varieties of softwares) this
determines an e ect on long term growth; the final result is an increase in the
growth rate of production of about 4 8% with respect to the initial steady state
value (from 0 82% to 0 86%). A similar behaviour is that of the growth rate
of the productivity of labour in the final good sector (Figure 1 2), that in the
long run increases of about 2% with respect to the initial level (from 1 83% to
1 87%). Another important quantity is the relative price of capital (that in this
model is given by 1 ), that declines over time; its growth rate is therefore

negative (Figure 1 3), and in the long run it increases in absolute value (going
from the initial steady state level of 1 53% to 1 60%). Finally, with reference
to the allocation of workers between final good sector and intermediate good
sector, in the long run there is a small reallocation (about 0 1% with respect
to the initial steady state value) from the former to the latter (Figure 1 4).

The second simulation considered concerns a shock on the equipment sector
productivity parameter , that is increased permanently by 1%. Also in this
case we know from the analytical results that this has an impact on the long
run growth rate (contrary to what happens in the version of the model without
“lab-equipment” studied by Boucekkine and de la Croix, where in particular
this kind of shock is used to model a transitory ICT revolution), and as before
this long run e ect is due to the fact that the “lab-equipment” specification
implies the same production function in the final good sector and in the R&D
sector. In this case an increase in the productivity of the equipment sector
increases the production of e cient capital and therefore of the final good, this
corresponds to an expansion in the R&D sector, and since this sector is the
engine of growth in the model the result is an e ect on long term growth. In
particular, the final result is an increase in the growth rate of production (Figure
1 5) of about 1 5% with respect to the initial steady state value (from 0 82%
to 0 835%), and a similar behaviour of the growth rate of labour productivity
in the final good sector (Figure 1 6), that increases in an analogous measure
(going from the initial steady state level of 0 83% to 0 84%). With reference
to the relative price of capital (Figure 1 7), it decreases at an increasing rate
(in fact its growth rate goes from the initial steady state value of 2 53% to
2 56%), and there is also a very small reallocation of the labour force (about

0 05% with respect to the initial steady state level) from the final good sector
to the intermediate good sector (Figure 1 8).

The third simulation concerns a shock on the intermediate good sector
productivity parameter , that is increased permanently by 1%. In this case
we get the same kind of results obtained considering a shock on the productivity
of the equipment sector, with a permanent e ect on growth (always due to the
fact that the “lab-equipment” specification implies the same production
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function in the final good sector and in the R&D sector). This leads to an
increase in the growth rate of production of about 1 5% with respect to the
initial steady state value (from 0 82% to 0 835%), to an analogous increase in
the growth rate of the productivity of labour in the final good sector (from
0 83% to 0 84%), to a reduction in the relative price of capital (whose growth
rate goes from the initial steady state level of 1 53% to 1 55%) and to a
very small reallocation of the labour force (about 0 05% with respect to the
initial steady state value) from the final good sector to the intermediate good
sector.
The last simulation considered concerns a decrease in , the cost to create

a new variety of software in units of output (as a consequence of the “lab-
equipment” specification adopted for R&D), equal to 1%. In this case the
results turn out to be very close to those obtained in the first simulation,
where an increase in the productivity of the final good sector was considered.
In particular, the e ect on the long run growth of a reduction in is permanent
(due to the fact that, in this model, the R&D sector is the engine of growth), and
it determines an increase in the growth rate of production of about 4 8% with
respect to the initial steady state value (from 0 82% to 0 86%), an analogous
increase in the growth rate of labour productivity in the final good sector (from
the initial steady state level of 0 82% to 0 86%), a reduction in the relative
price of capital (whose growth rate goes from the initial steady state value of
1 53% to 1 60%) and a small reallocation of the labour force (about 0 1%

with respect to the initial steady state value) from the final good sector to the
intermediate good sector.

In conclusion, with reference to the quantitative e ects determined by the
di erent types of shocks on the relevant variables in the long run, it is possible
to observe that the increase in and the decrease in have the strongest e ect
on growth since, on the one hand, the final good sector a ects growth directly
and, on the other hand, the R&D sector represents the engine of growth in this
model (the long run e ect of the two types of shocks is an increase in the growth
rate of production of about 4 8% with respect to the initial steady state value).
On the contrary, the increase in and the increase in have a less strong e ect
on growth, since these sectors a ect growth indirectly (the long run e ect of
these two other types of shocks is an increase in the growth rate of output of
about 1 5% with respect to the initial steady state value). Furthermore, the
shocks on and on have a stronger e ect also on the growth rate of labour
productivity in the final good sector, on the (negative) growth rate of the
relative price of capital and on the labour force employed in the intermediate
good sector. In e ect, the intensity of growth in the long run as a consequence
of shocks is linked to the size (in terms of GDP) of the sector that is interested
from the shock. More precisely, the e ects on growth are stronger when the
shocks concern the final good sector (that is very important, in fact more than
90% of the labour force is employed in this sector) or the R&D sector (that
in this model is the true engine of growth), while they are weaker when the
shocks concern the equipment sector or the intermediate good sector (that are
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less important, for instance the latter employes less than 10% of the labour
force). The quantitative results (expressed as percentage increases from the
initial steady state levels - before each shock - to the final steady state levels -
after the shock - of the di erent variables) are reported in Table 1 3:

Table 1.3: Long run quantitative e ects (with respect to the initial

steady state levels) of di erent types of shocks, benchmark case

shock shock shock shock

on on on on

growth rate of production +4 8% +1 5% +1 5% +4 8%
growth rate of labour productivity +2 2% +1 2% +1 2% +4 8%
growth rate of price of capital (neg.) +4 5% +1 2% +1 3% +4 5%
labour force in intermediate sector +0 1% +0 05% +0 05% +0 1%

1.4.3 Short run e ects of productivity shocks

The second result that can be obtained with the model introduced is rep-
resented by the analysis of the short run e ects in the economy of the shocks
considered above.

In the case of a positive shock on the productivity of the final good sector,
it has been shown that the long run e ect is a strong increase in the growth
rates of production, of labour productivity in the final good sector and of the
relative price of capital (in absolute value), together with a small reallocation
of the labour force in favour of the intermediate good sector. With reference
to the short run behaviour of these variables, first of all the increase in the
productivity of the final good sector reduces the cost of production of the final
good and initially determines a reallocation of the labour force favourable to
the final good sector and at the expenses of the intermediate good sector. As
a consequence, in the first period immediately after the shock there is a very
strong increase in the growth rate of production (almost 8% with respect to the
initial steady state value, from 0 82% to 0 885% ), due to the contemporaneous
increase in the productivity and in the labour force of the final good sector. At
the same time, the growth rate of the productivity of labour in the final good
sector has an initial strong increase (more than 3% with respect to the initial
steady state level, from 1 83% to 1 89%) and the growth rate of the relative
price of capital has a very strong increase in absolute value (from the initial
steady state level of 1 53% to 1 65%), while the labour force employed in the
intermediate good sector (i.e. in the production of software) is characterized
by an important reduction (about 1 3% with respect to the initial steady state
level). As time passes, then, the labour force employed in the final good sector
reduces (because productive capacity has reached its maximum) and there is
again a reallocation of this labour force in favour of the intermediate good
sector. As a consequence, the growth rates partially reduce, and the long run
e ect (as shown above) is an increase in the growth rate of production of about
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4 8% and in the growth rate of labour productivity in the final good sector
of about 2% with respect to their initial steady state values, while the growth
rate of the relative price of capital partially decreases (in absolute value) and
the final result is an increase with respect to the initial steady state level.
For the same reason, the initial reduction in the labour force employed in the
intermediate good sector is almost completely recovered in the following two
periods, and then there is a further increase, so that the long run result (as
shown before) is that, as a consequence of an increase in the productivity of
the final good sector, there is a small reallocation (about 0 1% with respect
to the initial steady state value) of workers from the final good sector to the
intermediate good sector.

Considering a positive shock on the productivity of the equipment sector,
the long run e ect is qualitatively very similar to that of the first shock consid-
ered, nevertheless the short run behaviour of the variables is very di erent (in
fact it is the opposite). In e ect, the increase of productivity in the equipment
sector increases the profitability of producing e cient capital and increases the
marginal return to both softwares and hardware, stimulating the demand for
these inputs. This in turn stimulates the creation and production of softwares
and determines an initial strong increase (about 2% with respect to the initial
steady state value) in the labour fraction employed in the intermediate good
sector (while in the case of a shock on the productivity of the final good sector
in the short run there is a reallocation of workers in favour of the final good
sector), launching the growth of the economy. Since this growth is based on the
expansion of the intermediate good sector (and not directly of the final good
sector), nevertheless, the increase of the growth rates is less strong than in the
first simulation considered, and it requires more time. In fact, initially there
is a reduction of both the growth rate of production and the growth rate of
labour productivity in the final good sector (due to the reduction of the labour
force in the final good sector, that a ects growth directly) - while in the first
simulation considered there is initially a strong increase of these growth rates -,
and the decrease with respect to their initial steady state values is of about 3%
(the first goes from 0 82% to 0 795%, the second from 0 83% to 0 805%). These
growth rates then recover, and in the long run they increase (of about 1 5%)
with respect to their initial steady state values (as shown before). At the same
time, the growth rate of the relative price of capital has an initial decrease (in
absolute value), from 2 53% to 2 49%, and then a strong increase, and the
final result (has shown above) is an increase (in absolute value) with respect
to the initial steady state level. Furthermore, the initial strong reallocation of
workers in favour of the intermediate good sector is not long lasting, in fact in
a few periods the labour fraction in the software sector returns to a level that
is only slightly higher (about 0 05%) than the initial steady state value (since
labour force reallocates in favour of the final good sector, contributing to the
increase in the growth rates), and remains to this level in the long run.
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In the case of a positive shock on the productivity of the intermediate good
sector, the results are very close to those obtained in the case of a shock on the
productivity of the equipment sector. In the case of a decrease in the cost to
create a new variety of software, finally, the results turn out to be very close to
those obtained in the case of an increase in the productivity of the final good
sector.

The results of the simulations illustrated above can be used also to com-
pare the di erent shocks. First of all, it is possible to observe that the various
shocks considered a ect in a di erent measure the growth rates and the al-
location of the labour force between final good sector and intermediate good
sector. Furthermore, it turns out that the shock on the productivity of the
final good sector and that on the cost of the R&D sector produce very similar
consequences, and the same is true for the shock on the productivity of the
equipment sector and for that on the productivity of the intermediate good
sector. In particular, the increase in the productivity of the final good sector
and the decrease in the cost to create a new variety of software both determine
(initially) a strong increase in the growth rate of production, in the growth rate
of labour productivity in the final good sector and in the growth rate of the
relative price of capital (that then partially reduce), while the increase in the
productivity of the equipment sector and the increase in the productivity of
the intermediate good sector have a less strong e ect on these growth rates
(that initially decrease, then increase). With reference to the allocation of the
labour force, the increase in and the decrease in determine (initially) a
reallocation of the labour force favourable to the final good sector and at the
expenses of the intermediate good sector (then the situation reverses), while the
increase in and the increase in have the opposite e ect (initially the labour
force employed in the intermediate good sector increases, then decreases). All
these results are summarized in Table 1 4:

Table 1.4: Qualitative e ects of di erent types of shocks, benchmark case

increase in increase in

decrease in increase in

growth rate of production first first

then (partially) then

growth rate of labour productivity first first

then (partially) then

growth rate of price of capital (negative) first first

then (partially) then

labour force in intermediate sector first first

then then
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It is also possible to observe that, in these simulations, the crucial aspect
is the inter-sectoral reallocation of labour resources. In fact, the allocation of
workers between final good sector and intermediate good sector turns out to
be the main engine of ICT booms, as in the model without “lab-equipment”
studied by Boucekkine and de la Croix.

1.4.4 Empirical data and simulations

At this point it is possible to analyse the most important empirical data
that are available concerning the behaviour of the US economy during the ICT
revolution, in order to verify the capability of the model to replicate at least
some of the stylized facts that have characterized this period (for the data, see
OECD 2000, 2001, 2003, 2004).
The starting point is represented by the productivity of labour. As reported

in the Introduction, considering the GDP per hour worked, it has been char-
acterized by an annual average increase of 1.3% in the period 1980-90 and of
2% in the period 1990-2000 (with an annual increase of 1.3% in 1990-95 and of
2.5% in 1995-2000), so that labour productivity growth continued to improve
over the 1990s and then picked-up in 2002.
At the same time, the US GDP growth has been of 3.2% on an annual basis

on average in the period 1980-90, of 2.5% in 1990-95 and it has risen to 4.2%
per year in the period 1995-2000, with a contribution deriving from ICT capital
significant and rising (it was 0.3% per year in 1980-90, then it moved to 0.5%
per year in 1990-95 and it has become 1% per year in 1995-2000).
In the simulations considered, the increase in labour productivity refers to

the intermediate good sector, that uses labour for the production of software.
In this case, as shown above, a 1% increase in labour productivity determines
a 1.5% increase in GDP. With respect to the real situation the simulations
therefore underestimate this e ect.

Another important element that emerges from the data is that in the US
the level of GDP per capita in 1990 was already the highest in the world, and
nevertheless the growth accelerated strongly in the second half of the decade,
due to the fact that US improved labour productivity and labour utilisation at
the same time. Labour productivity in particular can be increased in several
ways:

By improving the quality of labour (human capital) used in the produc-
tion process. This element plays a fundamental role in labour productivity
growth, as shown by the rise in educational attainment among workers over
the 1990s, and it is the focus of the model presented in the next Chapter, that
extends the present one.

By increasing the use of capital and improving its quality. Investments in
physical capital are crucial, especially investments in ICT, that rose from less
than 15% of total investment in the business sector in the early 1980s to 22%
in 1990 and to 31% in 2000. Particularly important was also the investment in
software, that in the US rose from 3% of investment in 1980 to 8% in 1990 and
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to 14% in 2000. This was due to the fact that the prices of key technologies have
fallen by between 15% and 30% annually, making investment in ICT attractive
to firms. Also the contribution of ICT investment to GDP is significant and
growing, in particular it moved from 3% in 1990 to 4.1% in 2001, while its
contribution to GDP per capita growth passed from 0.5% per year in 1990-95
to 1% per year in 1995-2000. Moreover, ICT investment was among the first
areas of investment to recover in the US in 2002, suggesting that it has not
been a ected disproportionally by the recent slowdown.

By attaining greater overall e ciency in how the factors of production are
used together (multi-factor productivity, that reflects many types of e ciency
improvements, such as improved managerial practices, organisational changes
and innovative ways of producing goods and services). The growth of MFP
has been of 1% per year on average in 1980-90 and of 1.2% per year in 1990-
2000, confirming a structural improvement in MFP growth from the 1980s to
the 1990s in the US. In particular, there has been strong MFP growth in ICT-
using services, moreover, in general, countries that have invested most in ICT
in the 1990s have also seen the largest increase in MFP growth over the 1990s.
In the simulations considered, the increase in MFP refers to the final good

sector, that uses capital and labour for the production of the final good. In
this case, as shown above, a 1% increase in MFP determines a 4.8% increase
in GDP. These results are therefore closer to the real situation that can be
deduced from the data in the second half of the 1990s.
Another simulation examined is the one that considers a reduction in the

cost to create a new variety of software, that determines an increase in the
growth rate of the economy. With reference to such simulation it is possible to
observe that it is the less realistic one. In e ect, considering the available data
for the US, it turns out that from the 1990s to the 2000s the cost of inventions
(measured by the ratio between R&D expenditure and number of patents) has
indeed increased, and not decreased, and therefore in this case the conclusions
of the simulations are not realistic.

A third element that emerges from the data concerns the skills and em-
ployment related to ICT. With reference to this aspect, a recent OECD study
(OECD, 2005) has introduced two measures of ICT-skilled employment, a nar-
row measure and a broad measure. The narrow measure captures ICT special-
ists (e.g. programmers, software developers), while the broad measure includes
ICT users together with the ICT specialists. Less than 5% of total employ-
ment can be classified under the narrow measure of ICT-skilled employment,
and around 20% under the broad measure. The narrow measure, then, has
been characterised in the US in the period 1995-2004 by an increase in the
share of ICT-skilled employment in total employment (from 3.2% to 3.7%),
while the broad measure has been characterised by a decrease in the share of
ICT-skilled employment (from 21.2% to 20.2%), especially towards the end of
the period. Furthermore, in the US many services sectors (e.g. computers
and related services, financial intermediation services, R&D) as well as certain
manufacturing sectors (e.g. manufacturing of o ce machinery and computers)
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have a share of ICT-skilled employment in total employment larger than 30%,
therefore they can be considered ICT-intensive.

It is also possible to relate the broad measure of ICT-skilled employment to
a productivity measure, obtaining a positive and significant correlation between
a sector’s share of ICT-skilled employment and gross value added per employee
(i.e. a higher level of value added per employee tends to be associated with a
higher share of ICT-skilled employment).

With reference to the employment component, as shown above in the sim-
ulations considered the results are driven by the reallocation of the labour
force between final good sector and intermediate good sector. In the model
presented, the final good sector can be identified with the ICT-users and the
intermediate good sector can be identified with the ICT-producers (and in be-
tween there is the equipment sector, where there are both ICT-producers and
ICT-users). Since from the available data it turns out that the ICT-users have
been characterized by a decline in the period 1995-2004 (because the narrow
measure of ICT-skilled employment has been interested by a rise, while the
broad measure has been interested by a decline), it is possible to conclude that
there has been a reallocation of workers from the final good sector to the inter-
mediate good sector, as it turns out from the simulations (in particular from
the one that considers an increase in the productivity of the final good sector,
i.e. in MFP, that therefore is again the most realistic).

A last observation concerns the notion of capital deepening. With reference
to this aspect, it is possible to observe that ICT has been a very dynamic area
of investment over the past decade, mainly as a consequence of a steep decline
in ICT prices, which has encouraged investment in ICT, and the capital deep-
ening which results from these investments is an important driver of economic
growth. In the US capital deepening (i.e. the increase in the capital/labour
ratio, so that there is greater use of capital by workers and capital stock grows
faster than labour force) increased by 0.2% per year in 1990-95 and by 0.3% per
year in 1995-97. The conclusion that can be obtained is that it has played an
important, but not a dominant role, in explaining increased labour productiv-
ity in the second half of the 1990s, since in this period MFP (that reflects the
overall e ciency with which labour and capital are used, while capital deep-
ening reflects technical change) has been a more important driver of labour
productivity than capital deepening.

1.4.5 Robustness analysis

The benchmark case presented above can be used also to verify the robust-
ness of the model. The idea in this case is to start from the benchmark and
to modify significantly some parameter. With this new value of the parame-
ter that has been changed the model is then simulated again, and the e ects
of the di erent shocks are studied (exactly as in the benchmark case). If the
results are su ciently close to those obtained for the initial parameterization,
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it is possible to conclude that the model is robust, and this represents a good
property of the model itself.
The most interesting aspect for this kind of analysis is represented by the

e ects of the di erent shocks on the relevant variables in the long run. These
e ects have been discussed, for the benchmark case, above and are summarized
in Table 1.3; they can now be determined for the di erent cases that depart
from the benchmark, in order to verify the robustness of the model.

The first variation that is considered with respect to the benchmark is a
change in the parameter (the share of software in the production of e cient
capital, that a ects the weight of intangible assets). In particular, the value
of this parameter changes from 0 85 (as in the benchmark) to 0 95 (hence the
change is larger than 10%), while the values of all the other parameters remain
unchanged with respect to the benchmark. At this point, the new steady state
of the model is computed, then the simulations are performed (exactly as in
the initial version of the model) and the di erent types of shocks considered
in the benchmark case are introduced. First of all, with the new value of
the growth rate in the steady state is equal to 0 96% (instead of 0 82% of
the benchmark case). The behaviour of the economy as a consequence of the
shocks, then, is very close to the one obtained in the initial calibration of the
model. In particular, both the shocks on and on determine an initial very
strong increase in the growth rates (than then partially reduce) and an initial
reduction in the labour fraction of the intermediate sector (that then recovers
and in the long run increases with respect to the initial steady state value).
On the contrary, the shocks on and on produce an initial reduction in the
growth rates (that then recover and in the long run increase with respect to
the initial values) and an increase in the labour force of the intermediate sector
(that then decreases and reaches a level, in the long run, only slightly higher
than the initial one). It is then important to evaluate the magnitude of the
e ects of the shocks on the di erent variables in the long run, in order to make
a comparison with the benchmark case.
The values obtained are those reported in Table 1.5, and from their analysis

it turns out that they are very close to those obtained in the benchmark case,
hence the model proves to be robust with respect to the change introduced in
the parameter :

Table 1.5: Long run quantitative e ects (with respect to the initial steady state

levels) of di erent types of shocks, case 1 (higher with respect to the benchmark)

shock shock shock shock

on on on on

growth rate of production +4% +1 4% +1 3% +4%
growth rate of labour productivity +2% +1 2% +1 2% +4%
growth rate of price of capital (neg.) +4% +1% +1 2% +4%
labour force in intermediate sector +0 2% +0 1% +0 1% +0 2%
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It is also possible to observe that when we consider the di erent types of
shocks introduced above we get that the long run e ects on the growth rates are
lower than in the benchmark (this is true especially for the shocks on and on
). This is due to the fact that a higher value of determines an increase in the
demand for the intermediate good (software). As a consequence, a shock on
or on determines (as in the benchmark case) an initial reallocation of workers
favourable to the final good sector and at the expenses of the intermediate good
sector, nevertheless this reallocation is less strong than in the benchmark case
(because higher labour force in the intermediate good sector is now necessary
to face the increased demand determined by the increase in ). The dynamics
is then of the same type analysed for the benchmark case, and the final result
is an increase in the growth rates, but this increase is less strong than in
the benchmark case. For the same reason (i.e. the increased demand of the
intermediate good) the shocks on and on have a higher long run e ect (with
respect to the benchmark) on the labour force employed in the intermediate
good sector. When a shock on or on is considered the situation is similar
(even if, as in the benchmark case, the short run dynamics are di erent with
respect to the case of a shock on or on ) and the long run e ects are less
strong than those obtained when the shocks on or on are considered (since
the shocks on and on a ect growth only indirectly). Also in this case the
fact that higher labour force in the intermediate sector is needed to satisfy the
increased demand determines, in the long run, an increase in the growth rates
lower than in the benchmark case, and an increase in the labour force of the
intermediate sector higher than in the benchmark.

The second variation considered is that of the parameter (the cost of a new
variety of software in units of output, that is a measure of the cost of R&D),
that changes from 20 to 17 (hence exactly of 15%), while the other parameters
remain at the values of the benchmark. The new growth rate in the steady
state in this case is 1 45%; the model is then simulated and the di erent types
of shocks are introduced, and also in this situation the qualitative behaviour
of the economy in response to these shocks is the same of the benchmark case,
while the quantitative e ects are those reported in Table 1.6:

Table 1.6: Long run quantitative e ects (with respect to the initial steady state

levels) of di erent types of shocks, case 2 (lower with respect to the benchmark)

shock shock shock shock

on on on on

growth rate of production +3% +1% +1% +3%
growth rate of labour productivity +2% +1% +1% +3%
growth rate of price of capital (neg.) +3% +1% +1% +3%
labour force in intermediate sector +0 1% +0 05% +0 05% +0 1%

Also in this situation they are close to the values obtained for the original
parameterization of the model, that therefore is su cienlty robust also with
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respect to changes in . In particular, it is possible to observe that, as in the
previous situation, the long run e ects of the di erent shocks on the growth
rates are lower than in the benchmark case (and also lower than in the case in
which a higher was assumed), and this is true also for the shocks on and on
. The explanation that can be given is that, first of all, with the new value of
the initial growth rates in the steady state are quite large, hence the shocks on
the di erent parameters determine increases in these growth rates, but these
increases are proportionally lower than in the benchmark case. Furthermore,
in this situation the importance of the R&D sector in stimulating growth is
even larger than in the benchmark, because the cost of R&D is lower. As a
consequence, when the shocks on and on are considered, since these shocks
determine growth only indirectly through the expansion of the intermediate
good sector, their e ects on the long run growth rates are less strong than in
the benchmark case (where the cost of R&D is higher, hence the importance
of the R&D sector in promoting growth is lower).

The third variation considered concerns the parameter (the productivity
of the equipment sector, that a ects also the capital/output ratio and therefore
the importance of the so-called “weightless economy”), that changes from 12 to
14 (i.e. of more than 15%), while again the values of all the other parameters
remain unchanged with respect to the benchmark. Also in this case the new
steady state of the model is computed and the simulations are performed. The
new growth rate in the steady state turns out to be 0 98%, and again the
economy reacts qualitatively to the di erent shocks as in the benchmark case;
the quantitative e ects of the shocks on the di erent variables, then, are those
reported in Table 1.7:

Table 1.7: Long run quantitative e ects (with respect to the initial steady state

levels) of di erent types of shocks, case 3 (higher with respect to the benchmark)

shock shock shock shock

on on on on

growth rate of production +4% +1 4% +1 2% +4%
growth rate of labour productivity +2% +1 2% +1 2% +4%
growth rate of price of capital (neg.) +4% +1% +1 2% +4%
labour force in intermediate sector +0 1% +0 05% +0 05% +0 1%

Again it is possible to observe that they are su ciently close to the values
obtained in the benchmark case, hence also when a change in is introduced
the model proves to be robust. Considering the di erent shocks, then, in this
situation we have that the long run e ects on the growth rates are lower than
in the benchmark case (and very similar to those obtained in the first situation
analysed, where an increase in was assumed). This is true especially for the
shocks on and on (whose long run e ects on the growth rates are about
one percentage point lower than in the benchmark case), and can be explained
observing that, with the new value of , the initial growth rates in the steady
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state are quite large. As a consequence, shocks on the di erent parameters still
determine increases in these growth rates (following the same dynamics of the
benchmark model), but these increases are proportionally less strong than in
the benchmark case, where the initial level of the growth rates was lower.

In conclusion, from the discussion presented it is possible to deduce that
the model considered is quite robust, since the results obtained for the initial
calibration remain valid when some parameter is significantly altered. This is
a good property of the model, and represents an important achievement of the
analysis developed.

1.4.6 Spillover e ects

A further extension of the model that can be considered is represented by
the presence of spillover e ects from the ICT sector to the rest of the econ-
omy. It is exactly this element that seems to be lacking from the available data
(as outlined in the Introduction), and a possible explanation is that the intro-
duction of the new technologies requires a period of adoption characterized by
learning costs and slow di usion, so that only after this period there will be
e ects in the whole economy, driven by the ICT sector.

In e ect, it is possible to observe that greater use of ICT may also contribute
to spillover e ects (i.e. one firm’s use of ICT has positive spillovers on the
economy as a whole), which will improve the overall e ciency of the economy,
that is MFP, since the di usion of ICT may also have impacts that go beyond
individual firms as it may help establish ICT networks, which produce greater
benefits the more customers or firms are connected to the network. Recent data
show that networks are estimated to increase labour productivity by roughly
5%. Furthermore, ICT use does have impacts on firm performance when it
is accompanied by other changes and investments, in particular on skills and
organization (these are the key features of the model presented in Chapter 3).

Theoretically, an example of this situation is the modelization introduced
by Greenwood and Jovanovic (1998), that assume the presence of a learning
e ect. In their example the productivity at time of a plant as a function of
its age is given by:

( ) = =
¡
1 1

¢1 2

i.e. it does’t depend on but only on , and as a plant ages it becomes more
productive, due (for example) to learning by doing. We also have:

0 = (1 )
1 2 = 1

and therefore the di erence 1 (1 )
1 2 represents the “amount to be

learned” during the life of the plant (whose productivity is bounded above by
1). In periods of rapid technological progress there are steeper learning curves,
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therefore is likely to be positively related to the rate of investment-specific
(or embodied) technological progress and it is possible to assume that:

=

since the idea is that the bigger is, the less familiar the latest generation of
capital goods will look, and the more there will be to learn.
In the model of this Chapter, the presence of a learning e ect implies that

the productivity of the final good sector is given (considering a generalization
of the specification adopted by Greenwood and Jovanovic) by:

= ( + )
¡
1 1

¢1 2 with =

where 0, and in this case:

0 = ( + ) (1 )1 2 = +

In this way, considering an increase in (or in ) with fixed, there is not only
a short run e ect on the productivity of labour in the final good sector but also
a long run e ect, and therefore a “spillover e ect”.
Empirically, it is possible to simulate the learning e ect considering a per-

manent shock on (the productivity of the equipment sector) or on (the
productivity of the software sector) and a delayed shock on (the productivity
of the final good sector). Assuming for instance shocks of intensity equal to 1%,
the behaviour of the productivity of labour in the final good sector is reported
in the following graphic:
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From this picture it is clear that the e ect of the shocks considered on the
productivity of labour in the final good sector initially is the same as in the case
of a permanent shock on or on (as described in the previous Subsections),
but after some periods there is a further e ect that reinforces the previous
one (precisely as a consequence of the learning specification introduced, that
originates a spillover e ect). This is also exactly the behaviour followed by
the US productivity in the last decade, that can be explained (as outlined in
the Introduction) taking into account the presence of “intangible” or “hidden”
capital. In this context, the years before 2000 have been characterized by
substantial investments in intangible assets with no e ects on productivity
(since in the computation of the latter the numerator did not count the creation
of the intangible capital while the denominator included the labour input used
to produce it, and therefore the measured productivity growth was lower than
the true one) - and this corresponds to the first periods in the graphic - while
the years after 2000 have been characterized by the opposite situation (since
measured output included the benefits of the previous hidden investment while
measured labour input declined, because part of the labour force that produced
the hidden output in the late 1990s had been laid o ) and there have been
spillover e ects of the intangible assets with an increase in the productivity -
and this corresponds to the other periods in the graphic -. In e ect, considering
the data on labour productivity in the US, it turns out that at the end of the
last decade its annual growth rate dropped from 2 4% in 1999 to 2% in 2001,
and then it rose again to 2 9% in 2002 and to 3% in 2003, exactly in line with
the results of the simulation.
In conclusion, the extension of the model that considers learning and spillover

e ects is of particular interest, since it allows to reproduce empirically the dy-
namics followed by US productivity in the recent years.

1.5 Conclusion

This Chapter has been devoted to the presentation of a model that re-
produces the essential characteristics of the recent ICT revolution and its ef-
fects on economic growth using the framework of endogenous growth theory.
More precisely, it is a multi-sectoral growth model with embodied technological
progress, horizontal di erentiation and “lab-equipment” specification of R&D.
As a consequence of this latter assumption, in particular, it is possible to show
analytically that an increase in the productivity of the di erent sectors (final
good sector, equipment sector, intermediate good sector) has an everlasting
e ect on growth (contrary to the model of Boucekkine and de la Croix, where
“lab-equipment” is not present). The conclusion is that when an ICT-driven
growth episode is due to the rise of the productivity of one of these sectors,
this episode is likely to have permanent e ects in the economy.
The numerical simulation of the model, then, allows to get some further

insights. In order to do this, a calibrated version of the model has been con-
sidered, where the values of the di erent parameters have been chosen so as
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to reproduce the empirical evidence that is available concerning in particular
the US economy. In this simulation, then, the di erent types of productivity
shocks have been analysed, and also the shock represented by a decrease in
the cost of R&D in terms of output (strictly linked to the peculiarity of the
“lab-equipment” specification adopted in this sector) has been studied. The
results of the simulations have then been compared with the empirical data
that are available, in order to verify the ability of the model to reproduce such
data.

The main conclusion obtained is that the presence of the “lab-equipment”
assumption changes the implications of the model as a consequence of shocks
with respect to the original version, without such assumption. In the latter, in
fact, only a shock on the productivity of the R&D sector influences the growth
of the economy in the long run. In addition, in the present model the shocks
on the productivity of the final good sector and on the cost of R&D on the one
hand, and the shocks on the productivity of the equipment sector and of the
intermediate good sector on the other hand, a ect di erently, in the short run,
the economy, and influence the growth with di erent intensity. The model also
turns out to be su ciently robust, since when some parameter is significantly
modified with respect to the benchmark case, both the qualitative and the
quantitative implications of the model remain valid. Finally, an extension of
the model that takes into account the presence of learning and spillover e ects
is able to reproduce empirically the behaviour of US productivity in the recent
years.

1.6 Appendix

1.6.1 Derivation of the equilibrium conditions

The equilibrium conditions summarize the first-order optimality conditions
and the market equilibrium relationships obtained in the text.

First of all, the demand for labour by the final good sector is given by
equation (1 5), while the demand for labour by the intermediate good sector
can be obtained from equations (1 10), (1 11) and (1 12) and is given by:

Z

0

=

µ
1
¶ µ ¶

1 1

As a consequence, the equilibrium on the labour market, given by equation
(1 15), is:

µ
(1 )

¶ 1

+

µ
1
¶ µ ¶

1 1 = 1

The equilibrium on the final good market can be obtained from equations
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(1 1), (1 5) and (1 16) and is:

1
µ
1

¶ 1

= + + 4

The law of motion for can be obtained substituting the expression (1 5)
into (1 3), using the definition of and replacing the value of from (1 8),
so that we get:

1

(1 )

µ
1

¶ 1

= 1

µ
1

1 + +1

¶µ

+1

¶µ

+1

¶

The optimal consumption is then given by equation (1 14):

+1
= (1 + +1)

while the accumulation rule of capital is obtained from equations (1 2) and
(1 6) and is:

= (1 ) 1 +

where can be seen as a measure of embodied technological progress (in
contrast to the variable that appears in the final good sector and that mea-
sures disembodied or neutral technological progress). Furthermore, is the
software-hardware ratio, that is endogenously determined in the model, hence
the embodied technical progress variable is endogenous in the present model,
i.e. we have endogenous embodied technical progress.
The value of can be determined using equations (1 7), (1 10) and (1 12)

that lead to:

=
1
1

µ
1
¶

that links the embodied technological progress to the expansion in the varieties
of intermediate products.
Finally, the free-entry condition can be written as:

=
1 ( 1)1

X

=

1 1

and then:

+1 =
1 ( 1)

1

X

= +1

1 1

The two expressions for and + 1 are therefore:

1 ( 1)1
=
X

=

1 1
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1 ( 1)1 +1 =
X

= +1

1 1

and subtracting the second from the first:

1 ( 1)
1

·
+1

1 + +1
= 1 1

1.6.2 Derivation of the balanced growth path

Along a balanced growth path, each endogenous variable grows at a constant
rate. In general, if is the growth factor of the variable and is the initial
level of the variable, we have:

= (1.24)

Since a balanced growth path must satisfy the equations (1 17) (1 23), we
have seven restrictions among the various growth factors, that are:

In particular, it is possible to rewrite the equations (1 17) (1 23) substituting
each variable with the corresponding expression similar to (1 24). In this way,
from equation (1 17) we get:

( )
1

= 1 =
( )

( )
1

(1.25)

From equation (1 18) we obtain:

= = = ( )
1

(1.26)

(and from the good market equilibrium also = = = ). From
equation (1 19) we get:

( ) ( )
1

= 1 (1.27)

From equation (1 20) we have:

= (1 + ) (1.28)

From equation (1 21) we obtain:

= ( ) (1.29)

From equation (1 22) we get:

=
1
1 (1.30)

Finally, from equation (1 23) we have:

( )1 ( )1 = 1 (1.31)
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In correspondence of a balanced growth path, the various growth factors
must therefore satisfy the restrictions expressed by equations (1 25) (1 31),
and using these restrictions it is possible to determine the relations among
the di erent growth factors (while it is not possible to obtain explicitely these
factors).
First of all, from (1 27) we have:

= ( ) 1

From (1 25) we get:

= ( ) 1

From (1 26) we then have:

= = = ( ) 1

The same result can be obtained from (1 29), that is therefore redundant. From
(1 30) we have:

= ( )
( 1) 1 +

1

and since we also have = ( ) 1 it must be = 1 +2
1 + (this restriction

is a consequence of the “lab-equipment” specification for R&D). We then have
that (1 31) is redundant, finally from (1 28) we get:

=
( ) 1

1

In conclusion, the five unknowns of the problem ( , , , , ) are
related by a system of four equations (the equations (1 25) (1 28), while
(1 29) and (1 31) are redundant and (1 30) is used to obtain the expression for
derived above), and for given all the other unknowns can be found, and

therefore they are parameterized by .

1.6.3 Derivation of the stazionarized dynamic system and

of the steady state system

The dynamic system (1 17) (1 23) can be rewritten as a function of the
following seven stationary variables:

b = 1
b = b = b = 1

b = =
1

These variables are such that they are constant in the steady state, for instance
for b we have:

b = 1 =
( )

1 =
1

( ) 1
1 = 1 = constant
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and therefore they are stationary variables. As a consequence, it is possible
to obtain the stationarized dynamic system corresponding to the equations
(1 17) (1 23). In particular, from equation (1 17) we obtain:

((1 ) )
1 b b

1

+

µ
1
¶

1b b1 b = 1 (1.32)

From (1 18) we have:

1 b b
1

(1 )
1

= b + b + b
µ
1

1
¶

(1.33)

From (1 19) we get:

1

(1 ) b (1 )
1

+
1

1 + +1

µ

+1

¶µ b
b+1

¶ µ b +1

b +1

¶ 1

= 1

(1.34)
From (1 20) we obtain:

b
+1

b ·
b
b +1

+1 = (1 + +1) (1.35)

From (1 21) we then have:

b (1 ) b 1

1

= b bb
1

(1.36)

From (1 22) we get:
b
= b

1
1

µ
1
¶

(1.37)

Finally, from (1 23) we have:

1 ( 1)1
·

+1

1 + +1
= b1 b (1.38)

The equations (1 32) (1 38) represent therefore the stationarized dynamic
system corresponding to the original system formed by equations (1 17) (1 23).
To obtain the steady state system corresponding to the stationarized system

it is possible to define the following stationary variables (corresponding to those
introduced above):

b= 1
b = b= b = 1

b = =

and to observe that we can write:

lim
+

= lim
+

= lim
+

=
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The stationarized steady state system is now given by the following equations:

((1 ) )
1 bb 1

+

µ
1
¶

1bb1 b= 1 (1.39)

1 bb 1

(1 )
1

= b + b+ b
µ
1

1
¶

(1.40)

1

(1 ) b (1 )
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+
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1 +

1

= 1 (1.41)

= (1 + ) (1.42)

b
h
1 (1 )

1
i
b 1

= b b (1.43)

µ
1
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b 1

1 = b (1.44)

1 ( 1)1
·
1 +

= b1 b (1.45)

Using these equations it is then possible to express the long run levels of
the di erent stationary variables exclusively in terms of . First of all, from
equation (1 42) we have:

= ( ) = 1

From (1 41) we then have:

b= ( ) =

Ã
1 1

1+ ( )

1

1
(1 ) (1 )

1
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From (1 44) we obtain:

b = ( ) =

µ
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From (1 44) we also have:

bb1 = 1 1
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while from (1 43) we have:

bb 1

=
( ( )) b

1 (1 )
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and putting ( ) and ( ) into (1 39) we get:

b= ( ) =
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From (1 40) we now have:

b = ( ) =
1

1 (1 )
1 ( ( )) ( ) (1 )

1

( )

µ
1

1
¶

( )

and finally from ( ) we have:

b = ( ) =
1 (1 )

1 ( ( ))
( )
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1



Chapter 2

Human Capital Accumulation in

R&D-based Growth Models

2.1 Introduction

This Chapter extends the analysis of the previous one presenting a multi-
sectoral endogenous growth model, that is able to reproduce the most important
aspects of an “ICT-based economy”, in which a central role is played by human
capital accumulation. Indeed, one of the characteristics of the so-called “New
Economy” is that human capital can be of great importance, since education is
crucial in acquiring the knowledge necessary to use the new technologies, and at
the same time an increase in ICT makes it easier to accumulate human capital.
For this reason, the adoption of new technologies has often coincided with
growing needs in human capital, reflecting the complementarity between these
two forms of investment in the production process. There is also a relationship
between human capital (i.e. the skills and competencies embodied in workers)
and labour productivity, so that improvements in one lead to increases in the
other, and therefore human capital is a significant determinant of economic
growth. According to recent studies, for example, in OECD countries, one
additional year of schooling would, on average, lead to about 6% higher GDP in
the long run (OECD, 2000). The productivity-enhancing role of human capital
is due to its complementarity with new technology (ICT use requires skills
and competencies), and for this reason the demand for knowledge-intensive
employment has risen considerably. In e ect, in the 1990s, knowledge workers
(including computer workers) were the fastest-growing occupational category
in the US and the EU area (the average annual change in 1992-99 was 3.3.%).
In the US the ICT workforce reached more than 6.5 million in 2000, with
almost 60% of these workers employed in high-skilled ICT occupations, 25% in
medium-skilled jobs and the remaining in low-skilled occupations. From 1995
to 1999, the percentage of computer workers with respect to total employment
in the US raised from 1.8% to 2%, furthermore employment growth has been
strong throughout 2001 and unemployment rates in ICT professions very low.
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Moreover, with reference to the contribution of human capital to economic
growth, recently it has been observed a shift of labour demand towards high-
skilled workers, together with growing ICT skills shortages. Furthermore, the
distribution of high-skill and low-skill ICT-related occupations in the US and
the EU shows an interesting pattern, in fact although the share of ICT workers
is growing everywhere, in 1999 the US ICT workforce appeared to be relatively
more high-skilled (77%) than that of the EU (56%). High-skill ICT workers
are the most rapidly growing component of high-skilled workers and in 1999
they represented 2.4% of total employment in the US and 1.6% in the EU.
In 2000 the US employed about 5.5 million persons in the ICT sector, and
this sector has been a major source of employment growth, in fact over the
1995-2000 period OECD-area employment in the sector grew at an average
annual growth rate of over 4% (almost 3 times that of overall business sector
employment), furthermore the proportion of ICT specialists has risen between
1995 and 2004 (see OECD, 2005).
Another indicator that can be used as a proxy of the level of human capital

of a nation is represented by the share of the population that has attained
qualifications at the tertiary level (indeed, this can be considered a key indica-
tor of how well countries are placed to profit from technological and scientific
progress). Table 2.1 reports some statistics concerning this aspect (see OECD,
2008) and it turns out that OECD countries have seen significant increases in
the proportion of the adult population attaining tertiary education over the
last decades. In 1992, for the 25-64 year-old population, the OECD average of
the population having attained the tertiary level was 19%, while in 2005 the av-
erage increased to 26%. US performed remarkably high, and the corresponding
percentages were 30.2% in 1992 and 39% in 2005. Furthermore, in the youngest
age group, 25 to 34 years old, the OECD country mean for tertiary attainment
increased from almost 22% to over 32% between 1992 and 2005 (and in three
countries - Canada, Japan and Korea - 50% or more of this age group had in
2005 obtained a tertiary qualification).

Table 2.1: Tertiary attainment for age group as a percentage

of the population of that age group

Age group 25-64 Age group 25-34

1992 2005 1992 2005

United States 30.2% 39% 30.2% 39.2%

OECD average 19% 26% 21.9% 32.2%

Source: OECD Factbook (2008)

Human capital includes not only the education workers bring to the job, but
also skills learned while working and adapting to new technologies. In particu-
lar, training plays a significant role when technological change is rapid and the
knowledge necessary to implement the new technologies is very specific. For
example, a number of studies referred to Canada have established that the im-
plementation of new technologies in manufacturing firms increased the level of
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required qualifications and stimulated firms to invest in training (Baldwin and
Peters, 2001; Baldwin, Gray and Johnson, 1997). Other researches relative to
the US have also shown that highly educated workers are more likely to partic-
ipate in training than those with little education, suggesting a complementary
relationship between human capital acquired through the education system and
that acquired through in-house training (Bartel and Sicherman, 1998; Lynch,
1992; Leonard, Montmarquette and Turcotte, 2003). However, further stud-
ies have shown that the participation di erentials in training between workers
with little education and those who are highly educated are mitigated when
there is a high rate of technological change (Turcotte and Rennison, 2004).
These studies also conclude that investments in education, training and new
technologies are closely related, and are associated with higher productivity.

These researches are in line with recent theoretical and empirical advance-
ments in the endogenous growth literature, according to which not only R&D
activity, but also human capital accumulation, is a primary determinant of eco-
nomic growth. For these reasons, the model presented in this Chapter studies
the role of R&D and of human capital accumulation in the growth process
that has characterised the ICT revolution. More precisely, this model extends
the one proposed in Chapter 1, and introduces the choice of the households
to invest in human capital, by devoting a fraction of time to schooling activ-
ity. This human capital accumulation then turns out to be the true engine
of growth of the model, that therefore has important di erences with respect
to the one presented in the previous Chapter. In particular, in this case it is
possible to obtain explicitely (in the benchmark version) the growth factors of
the di erent variables, contrary to the model of Chapter 1, where it was possi-
ble to obtain only a parameterized solution. The most important contribution,
then, is represented by the fact that in its more general formulation the model
studies the ICT productivity-enhancing role in education, considering the pro-
ductivity of human capital (i.e. of schooling) as a function of technological
progress, that specifies the complementarity between human capital accumu-
lation and technological progress (since new technologies can allow people to
be more educated). In this case the di erent growth factors and the di erent
long run levels can be found only numerically (and not analytically as in the
benchmark version with constant productivity of human capital). This is the
true novelty of this model with respect to the existing literature, and represents
a very important result.

The analytical study of the model allows to find some results concerning
the e ects on growth of di erent shocks that can interest the economy, and
that can be compared with the available data. These results show in particular
that permanent changes in the productivity of the final good sector, in the
productivity of the equipment sector and in the productivity of the intermediate
good sector do not a ect the long run growth rate of the economy (contrary
to what happens in the model of the previous Chapter), while it is a ected by
the productivity of schooling (that in this case is the true engine of growth).



44 Chapter 2. Human Capital Accumulation in R&D-based Growth Models

Resorting to numerical simulations it is then possible to obtain other in-
sights. In particular, a first issue that is considered consists in studying how
the economy reacts, in the short run, to shocks on the productivities of the
di erent sectors. With reference to this aspect it turns out that an increase in
the productivity of the final good sector and a decrease in the cost of a new
variety of software, on the one hand, and an increase in the productivity of the
equipment sector and an increase in the productivity of the intermediate good
sector, on the other hand, have similar consequences. We also have that con-
sidering the more general version of the model with productivity of schooling
depending on technological progress, the short run behaviour of the variables
is di erent with respect to the benchmark model in which the productivity of
schooling is constant.

From the simulations, then, it emerges an important property of the model,
represented by the presence of so-called “imbalance e ects” with reference to
some variables: when the initial value of these variables is di erent from the
steady state value (in particular, lower) the growth rate of the economy is
higher than the rate we have in correspondence of the steady state value of
the variables considered. A deep analysis of imbalance e ects in endogenous
growth models is presented in Barro and Sala-i-Martin (1995), that outline as
the typical imbalance emerges considering the relationship between the growth
rate of output and the ratio (physical capital/human capital). The central

idea is that when the value of the ratio is di erent from the steady state
value (in particular, when it is lower), the growth rate of the economy is higher
than the rate we have in correspondence of the steady state value of . In
this model it is possible to study the presence of imbalance e ects relatively
to the ratio between physical and human capital, the ratio between physical
capital and R&D expenditure and the ratio between human capital and R&D
expenditure. In all these cases in turns out that the growth rate of output rises
with the magnitude of the imbalance when the ratios considered are below
their steady state values, while it rises more slowly with the magnitude of the
imbalance when the same ratios are above their steady state values, confirming
in all the three cases the presence of an (asymmetric) imbalance e ect, in line
with the results of Barro and Sala-i-Martin.

The imbalance e ects continue to be present also considering an extension of
the benchmark model through the introduction of the notion of “broad output”
or the more general formulation in which the productivity of human capital is a
function of technological progress. First of all, the notion of “broad output” is
a concept used by Barro and Sala-i-Martin (1995) in their analysis of imbalance
e ects. Indeed, measured output can be broadened to include gross investment
in human capital multiplied by an appropriate shadow price of human capital,
and broad output is therefore defined as the sum of narrow output and the
value in units of goods of the gross investment in human capital. The result
is that in this extension of the model the growth factor of broad output tends
to be a monotonically decreasing function of the ratio between physical and
human capital (exactly as obtained by Barro and Sala-i-Martin): when the
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ratio is below its steady state value the growth rate of broad output rises
with the magnitude of the imbalance, while when this ratio is above its steady
state value the growth rate of broad output declines with the magnitude of the
imbalance. Also when we introduce the notion of broad output, therefore, an
asymmetric imbalance e ect is present in the model.
Similarly, considering the formulation in which the productivity of human

capital is a function of technological progress it is possible to show that the
imbalance e ects continue to be present (especially with reference to the be-
haviour of the growth factor of output in relation to the ratio between physical
and human capital, where the imbalance is particularly evident), and they are
asymmetric, since the growth rate of output is higher when the ratio consid-
ered is below its steady state value, while it declines when this ratio is above
its steady state value, always in line with the results obtained by Barro and
Sala-i-Martin.

The Chapter is organized as follows. Section 2.2 reviews the main re-
sults concerning the links between ICT and education (in view of the ICT
productivity-enhancing role in education assumed by the model) and the role
of ICT as a General Purpose Technology (that is the view supported in this
Chapter and in the previous one). Section 2.3 describes the model with the
di erent sectors that characterize the economy. Section 2.4 derives the equilib-
rium conditions, the balanced growth path and the steady state system, with
the corresponding analytical results. Section 2.5 shows the results of numerical
simulations on a calibrated version of the model, compares these results with
the available data regarding in particular the US and derives the main findings
concerning the presence of imbalance e ects. Section 2.6 concludes, while the
computations are reported in the Appendix.

2.2 ICT, Education and General Purpose Tech-

nologies

As outlined above, the most important aspect of the model presented in
this Chapter is represented by the fact that, in its more general formulation,
it studies the ICT productivity-enhancing role in education, considering the
productivity of human capital (i.e. of schooling) as a function of technological
progress, in order to have a link between human capital accumulation and
technological progress. This is typical of ICT, since (as stressed by several
studies, some of which have been cited in the previous Section) investments
in education and new technologies are closely related (and are associated with
higher productivity), and in general new technologies can allow people to be
more educated.
In reality, with reference to this element, it is not completely clear the sign of

the relationship between ICT and education. On the one hand, as some studies
evidence (SEI 2000), information technologies are likely to have a substantial



46 Chapter 2. Human Capital Accumulation in R&D-based Growth Models

e ect on the entire spectrum of education by a ecting how people learn, what
they know, and where they obtain knowledge and information. At the same
time, nevertheless, ICT may impose new costs in equipment, software, and the
time it takes to learn new systems.

In recent years there has been a great deal of emphasis in the United States
on increasing the use of information technologies in U.S. elementary and sec-
ondary schools (Children’s Partnership 1996, McKinsey and Company 1995,
NIIAC 1995, PCAST 1997), and American schools have strongly increased
spending on classroom technology to more than $5 billion annually. Further-
more, in 2002 the ratio of students to instructional computers with Internet
access in public schools was 4.8 to 1 (significantly lower than the ratio 12 to
1 in 1998). Moreover, e orts to integrate the use of computers into classroom
instruction have been actively encouraged, and 87% of public schools with In-
ternet access o ered teachers professional development to help them integrate
use of the Internet into the curriculum. In addition, in 2001 44% of children
used computers, and 42% the Internet to complete assignements.

Assumptions about the educational benefits of ICT are not universal, how-
ever. “Silicon Snake Oil: Second Thoughts on the Information Highway” (Stoll,
1995) represents one critique of claims about the social payo of ICT (including
educational benefits). In recent years a growing number of critics of technology
in the classroom have raised questions about what kind of return schools have
gotten for this investment. Cuban has noted that his surveys suggest that fewer
than 20% of teachers use technology several times a week, and up to half of all
teachers didn’t use technology at all (Cuban 1999, Cuban et al. 2001). Even
if teachers used the technology, Cuban concluded, few employed these tools in
ways that would improve teaching and learning.

The fundamental dilemma of ICT-based education is that it has not been
proven to be more cost-e ective than other forms of instruction (Cuban 1994,
Kulik and Kulik 1991, Rosenberg 1997). Although real ICT learning benefits
have been demonstrated, it is not clear whether the magnitude of those bene-
fits is su ciently large to justify consuming substantial resources and actively
displacing other school curricula and programs.

As with the economic e ects of ICT, measuring the application of ICT in
education is much easier than measuring its e ects or cost-e ectiveness. Several
factors explain why ICT has not yet shown up in overall educational perfor-
mance measures: first of all there are measurement di culties because people
disagree on the appropriate ways to measure performance in education and the
relevance of standardized test scores. Furthermore, it will take time for the
educational system to figure out the best ways to use information technologies.
Moreover, factors other than the technology itself, such as infrastructure sup-
port, school organization, and teacher training influence the e ectiveness of the
technology. Finally, the technologies are rapidly changing, hence those that are
available today - the Internet, multimedia and simulation software - are sub-
stantially di erent from those available even five years ago, and findings on the
e ectiveness of ICT in the classroom from five years ago may be obsolete.
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On the other hand, recently, a growing number of researchers have published
studies that provide substantial evidence that technology can play a positive
role in academic achievement. Several organizations like Edutopia, the North
Central Educational Lab (NCREL) and the Center for Applied Research in
Educational Technology (CARET) are documenting research studies that link
technology to increases in academic achievement1 .
These studies highlight the importance of rethinking the current beliefs

about technology and argue that improvements in student learning occur when
technology is paired with instructional strategies like project-based instruc-
tion, which actively involve students in intellectually complex work that de-
mands higher-order thinking and problem-solving skills. They also highlight
the importance of Michael Fullan’s observation that “The more powerful that
technology becomes, the more indispensable good teachers are” (Fullan, 1998).
If we expect teachers to use technology in ways that enrich and enhance stu-
dent achievement, we must provide them with the professional development
they need to develop the confidence and skills to apply technology, and an
understanding of how technology supports standards-based education. In fact,
perhaps the most important lesson from past initiatives is that a technology-
centered policy, i.e. one that focuses primarily on deploying machines, software
and Internet connections, will not produce meaningful results or the expected
impact on students learning. Although machines and networks are a funda-
mental component in any ICT policy, to achieve e ective gains in student’s
learning, improved teaching practices and more e cient management at all
levels are necessary.

The analysis presented in this Chapter (and in the previous one) also sup-
ports the view according to which Information and Communication Technolo-
gies are General Purpose Technologies. With reference to this aspect, we have
that the term “general purpose technology” emerged in the literature on the
economics of technical change in the late 1980s and early 1990s, in part be-
cause of concern about the inadequacy of aggregate or total productivity as an
indicator of the contribution of technical change to output.
In a series of seminal papers Bresnahan and Trajtenberg addressed the prob-

lem of how to establish “a link between the economic incentives for developing
specific technologies and the process of growth” (Bresnahan and Trajtenberg,
1995). They suggested that at any point in time a limited number of general
purpose technologies, characterized by pervasive use across a wide range of sec-
tors, account for a relatively large share of productivity growth. “As a GPT

1Wenglinsky’s study (1998) “Does it Compute: The Relationship between Educational
Technology and Student Achievement in Mathematics” concluded that for 4th and 8th
graders, technology has positive benefits on achievement as measured in NAEP’s mathe-
matics test. But it is critical to note Wenglinsky’s caveat to this conclusion. He argues that
not all uses of technology were beneficial. Wenglinsky found that using computers to teach
low order thinking skills “was negatively related to academic achievement”. Put another
way, this type of computer use was worse than doing nothing. By contrast, teachers who
had students use computers to solve simulations saw their students’ math scores increase
significantly.
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evolves and advances it spreads throughout the economy, bringing about and
fostering generalized productivity gains” (Bresnahan and Trajtenberg, 1995).
GPTs are radical new ideas or techniques that have the potential for impor-
tant impacts on many industries in an economy. Bresnahan and Trajtenberg
identified three key characteristics of GPTs: pervasiveness (they are used as
inputs by many downstream industries and they have an impact on technical
change and productivity growth across a large number of industries), technolog-
ical dynamism (inherent potential for technical improvements, i.e. they should
experience continuous improvement leading to sustained productivity growth
and cost reductions in its own industry) and innovational complementarities
with other forms of advancement (the productivity of R&D in downstream
industries increases as a consequence of innovation in the GPT and a GPT
should lead to product and process innovation in application sectors). Thus,
as GPTs improve they spread throughout the economy, bringing about general
productivity gains.
Electric power and information technology have been regarded as the pro-

totypic general purpose technologies (Jovanovic and Rousseau, 2005). In par-
ticular, the recent ICT revolution can be seen to be one such GPT, since it
has all the key characteristics required. First of all, today computers and re-
lated equipment are used in most industries of the economy, i.e. they satisfy
the requisite of pervasiveness. ICTs have also displayed a substantial level of
technological dynamism determining not only radical improvement in compu-
tational capacity, but also a successive wave of new technologies (ranging from
the semiconductor to the Internet). Moreover, ICTs have seriously facilitated
new ways of organising firms, including the decentralisation of decision mak-
ing, team production etc. (Milgrom and Roberts, 1990; Brynjolfsson and Hitt,
2000; Bresnahan et al., 2002), hence they have clearly exhibited innovational
complementarities with other forms of advancement. In conclusion, ICTs have
all the key characteristics required by the definition of a general purpose tech-
nology.

2.3 The model

The model presented here builds on Romer (1990) and Boucekkine and
de la Croix (2003) for the general structure, but departs from them in some
respects. In particular, the R&D sector assumes the “lab-equipment” speci-
fication (Rivera-Batiz and Romer, 1991), and a human capital accumulation
activity of the kind introduced by Lucas (1988) is considered (assuming, in
addition, in the more general version that the productivity of human capi-
tal is a function of technological progress). The reason is that, together with
the embodied nature of technological progress, the important role of the R&D
sector and the link between innovation and market power (all elements that
are present in the model introduced in Chapter 1), an ICT economy can be
characterized also by an important role of human capital accumulation (for
the reasons cited in the Introduction). With reference to this aspect, we have
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that, despite this importance, it is not assumed that the R&D sector is more
intensive in human capital than the final good sector (essentially for algebraic
convenience); in any case it turns out that human capital accumulation is the
engine of long run growth in the model (so that, even assuming a more human
capital intensive technology in the R&D sector, would not qualitatively change
the results).
The model has therefore the same general structure of the one presented

in the previous Chapter, in particular it is a multi-sectoral model written in
discrete time with infinite horizon, endogenous growth and horizontal di eren-
tiation. Furthermore, technological progress is mainly embodied (new softwares
need new hardware to work e ciently) and the innovators have a market power
represented by copyrights. The main di erences with respect to the model of
Chapter 1 are represented by the fact that human capital is employed as a pro-
duction factor in the final good sector and in the intermediate good sector, and
by the fact that the representative household also invests in human capital, by
devoting a fraction of time to non-productive activities (schooling). Moreover,
in the more general version the productivity of human capital is a function of
technological progress, in order to specify the complementarity between these
two elements, and this is the true novelty of the model.
We now illustrate briefly the di erent sectors that characterize the economy,

with the corrisponding optimality conditions that arise from the optimization
problems solved by the agents in these sectors (for the computations that are
omitted, see the previous Chapter).

2.3.1 The final good sector

This sector produces the final good using e cient capital (bought from
the equipment sector) and human capital, according through a Cobb-Douglas
technology:

= 1 [0 1] (2.1)

where represents total factor productivity, is the physical capital and
is the human capital used in the final good sector. The stock of physical

capital is then defined as:

=
X

=

(1 ) (2.2)

where is the e cient capital bought from the equipment sector at time
and is the physical depreciation rate (constant).
The discounted profits of investing in e cient capital are given by:

=
X

=

[ ]

where is the discount factor at time , is the wage at time and is
the price of e cient capital at time . The representative firm chooses e cient
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capital and human capital in order to maximize its discounted profits taking
prices as given and subject to its technological constraints:

max
{ } =

(2 1) (2 2)

and the first-order conditions lead to:

=

µ
(1 )

¶ 1

(2.3)

that is the demand for human capital by the final good sector.

2.3.2 The equipment sector

This sector is exactly as in the model presented in the previous Chapter.
It produces e cient capital (sold to the final good sector) using physical cap-
ital (hardware) bought from the final good producers and immaterial capital
(software) bought from the intermediate good producers. E cient capital is
produced with a constant return to scale technology:

= 1 (0 1) (2.4)

where is a productivity variable (that represents embodied technological
progress), is physical capital (hardware) and is immaterial capital (soft-
ware), that is built from a series of specialized intermediate goods (horizontal
di erentiation):

=

µZ

0

1
¶

1

(2.5)

where is the number of varieties of intermediate input available in ,
is the quantity of intermediate input of variety used in and 1 is the
elasticity of substitution between two varieties.
The profits of the equipment sector at time are:

0 =

Z

0

where is the price of software of variety at time . The representative
firm chooses the investment in physical capital and in immaterial capital in
order to maximize profits taking prices as given and subject to its technological
constraints:

max 0

(2 4) (2 5)
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and the first-order conditions lead to:

=

µ ¶
(2.6)

(where = 1 and = ) that is the demand for intermediate input by
the equipment sector at time

2.3.3 The intermediate good sector

This sector produces immaterial capital (sold to the equipment sector) and
it researches for new varieties, in order to expand the range of software (hori-
zontal di erentiation).

The production activity

The variety of software is produced according to a linear technology that
uses human capital as the only input:

= (2.7)

where is the human capital used in the intermediate good sector and
represents productivity of human capital. The producer behaves monopolisti-
cally (since market power is given by the presence of copyrights which have an
infinite lifetime) and its profit is:

00

= =

µ ¶

The price of output is chosen so as to maximize this profit subject to the
demand formulated by the equipment sector, hence the problem solved by the
firm is:

max
00

(2 6)

and the first-order condition leads to:

=

µ

1

¶
[0 ] (2.8)

i.e. the output price is a mark-up over unit human capital cost.

The research activity

The intermediate good sector also researches for new varieties of immaterial
capital, in order to expand their range. As in the model of the previous Chapter,
we assume the “lab-equipment” specification of R&D. With reference to this
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aspect it is possible to observe that, even if human capital is very important
to model an ICT economy, here we do not assume that the R&D sector is
more intensive in human capital than the final good sector, and this is done
essentially for algebraic convenience. In any case, the fact that is crucial in
the ICT economy (and especially in the innovation side of it) is confirmed by
the result of this model (and in particular also in the lab-equipment version
presented here), according to which human capital accumulation turns out to
be the engine of long run growth. Therefore, also modifying the technology
of the R&D sector in order to have a more -intensive technology would not
qualitatively change the results. Furthermore, a channel trough which human
capital interacts with ICT is represented by the fact that, as shown in the next
Subsection, in the more general version of the model ICT enhance productivity
in the education sector.
The “lab-equipment” specification of R&D considered here implies that the

cost to create a new variety of software is equal to units of , and there will
be entry of new firms in the economy until this cost is equal to the discounted
flow of profits linked to one invention:

=
X

=

00

=
X

=

1

1

that is the free-entry condition.

2.3.4 Household behaviour

In this version of the model, the representative household consumes, saves
for future consumption, supplies human capital for productive activities and
accumulates human capital by devoting a fraction of its time to non-productive
activities (schooling) - and this is one of the novelties of the model with respect
to that of Chapter 1 - . The utility of the representative household at time 0
is:

0 =
X

=0

ln

i.e. it is the discounted sum of instantaneous utilities from 0 to , where
is the psychological discount factor and the instantaneous utility function is
logarithmic. The budget constraint faced by the household is:

= (1 + ) 1 + 1 (2.9)

where represents the assets held by the household at time , is the total
human capital and is the fraction of time devoted to productive activities.
The accumulation of human capital is then described by the following equation:

= [1 + (1 )] 1 (2.10)

where is the productivity of schooling and 1 is the fraction of time
devoted to non-productive activities (schooling).
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The problem solved by the representative household is then:

max
{ } =0

0

(2 9) (2 10)

and the first-order conditions lead to:

+1
= (1 + +1) (2.11)

+1
=
1 + +1

1 + +1
·

+1
(2.12)

In this context it is also possible to consider a more general version of
the model, in order to have a link between human capital accumulation and
technological progress, that is typical of ICT (since, as outlined at the beginning
of the Chapter, in general new technologies allow people to be more educated).
This more general version considers the productivity of human capital (i.e.
of schooling) as a function of technological progress, in order to specify the
complementarity between these two elements. In particular, the productivity
of schooling is assumed to be a function of =

1
(the growth factor of

the number of varieties of software), so that we have = ( ). For instance,
it is possible to assume the following functional form:

= ( ) = 0 0 0 0

that for + gives the particular case in which is constant.

2.4 The equilibrium

The equilibrium of the economy in the model considered is determined by
the equilibrium on the human capital market and on the final good market.

Equilibrium on the human capital market implies that human capital used
in productive activities is employed either in the final good sector or in the
intermediate good sector, i.e.:

+

Z

0

= 1 (2.13)

while equilibrium on the final good market implies that output is employed for
consumption, investment and research, i.e.:

= + + 4 (2.14)

where 4 is the cost of research for new varieties.
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2.4.1 The equilibrium conditions

The equilibrium conditions summarize the first order optimality conditions
and the market equilibrium relationships obtained above. They are listed in
the following Proposition (see Appendix 2.7.1 for the computations):

Proposition 6 Given the initial conditions 1 , 1 and 1 an equilibrium
is a path:

{ +1} 0

that satisfies the following equations:

µ
(1 )

¶ 1

+

µ
1
¶ µ ¶

1 1 = 1 (2.15)

1
µ
1

¶ 1

= + + 4 (2.16)

1

(1 )

µ
1

¶ 1

= 1

µ
1

1 + +1

¶µ

+1

¶µ

+1

¶
(2.17)

= [1 + (1 )] 1 (2.18)

+1
= (1 + +1) (2.19)

+1
=
1 + +1

1 + +1
·

+1
(2.20)

= (1 ) 1 + (2.21)

=
1
1

µ
1
¶

(2.22)

1 ( 1)
1

·
+1

1 + +1
= 1 1 (2.23)

In the more general case in which the productivity of schooling is given by
= 0 the equilibrium conditions are the same, except for equations

(2 18) and (2 20) that are replaced by:

=
£
1 +

¡
0

¢
(1 )

¤
1 (2.24)

+1
=

1 + +1

1 + 0 +1
·

0 +1

0
(2.25)
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2.4.2 The balanced growth path

After the characterization of the equilibrium, the balanced growth path of
the model can be analysed. In this case we assume that the variables:

are constant in the long term, while each endogenous variable grows at a con-
stant rate along a balanced growth path. In this case, when the productivity
of schooling is assumed to be constant, it is possible to determine explicitely
the di erent growth factors (contrary to the model of the previous Chapter,
where the solution was parameterized in terms of ).
The results obtained (see Appendix 2.7.2 for the computations) are ex-

pressed in the following Proposition:

Proposition 7 In the model considered with human capital accumulation and
constant productivity of schooling, the growth factors of the di erent variables
are the following:

= = = = [ (1 + )]
1

4

= [ (1 + )]
1

2 4

= [ (1 + )]
1

2 4

= [ (1 + )]
3
4

= (1 + )

where:

1 =
1

2 =
( 1)(1 + )

3 =
(1 )

( 1)(1 + ) + 1 4 =
(1 + ) 1+ 2
( 1)(1 + )

Furthermore, the optimal long run value of (the fraction of time devoted to
productive activities) is given by:

=
(1 + ) (1 )

and since 0 1 this requires 1
1+ 1.

From this Proposition it turns out that, in the present model, along a bal-
anced growth path the growth factors of the di erent quantities depend only
on the parameters (i.e. technological and preference parameters).
In particular, as in the basic Lucas (1988) model, human capital accumula-
tion depends on the parameters describing preferences and the skill acquisition
technology.
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In the more general case in which the productivity of schooling is a function
of technological progress the di erent growth factors can be obtained only as
functions of , and the corresponding results are expressed by the following
Proposition:

Proposition 8 In the model considered with human capital accumulation and
productivity of schooling depending on technological progress, the growth factors
of the di erent variables are the following:

= = = = ( )
2
1

= ( )
1

1

= ( )
2 3
1

= ( )
2 4
1

where 1 2 3 4 are the same expressions of Proposition 7.
Furthermore, satisfies the equation (that can be solved numerically, and

whose solution exists and is unique, see the proof in Appendix 2.7.2):

( )
1

1 =
( )

2
1µ

1 + 0 ( )
2
1

¶

and the optimal long run value of is given by:

= 1
( )

2 4
1 1

0 ( )
2
1

2.4.3 The stationarized dynamic system and the steady

state system

Even if the various growth factors can be determined explicitely (in the
case in which the productivity of schooling is assumed to be constant), the
equilibrium system in terms of levels formed by equations (2 15) (2 23) is
undetermined, in fact rewriting these equations by substituting the generic
variable with the expression we get 9 equations for 10 unknowns ( , ,
, , , , , , , ). In order to find a solution is therefore necessary to

stationarize the system by means of some auxiliary variables (exactly as in the
model of the previous Chapter), obtaining the stationarized dynamic system
corresponding to the original one (see Appendix 2.7.3 for the computations).
In the same way it is then possible to obtain the steady state system corre-

sponding to the stationarized one (see again Appendix 2.7.3 for the computa-

tions). In this case we have a system of 9 equations with 9 unknowns (b, b, b,
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b , b , b, , , ) that can be solved explicitely. Indeed, first of all it is possible

to obtain functions expressing the long run levels (b, b, b, b , b , b, , ) ex-
clusively in terms of , then in the benchmark version of the model (when the
productivity of schooling is assumed to be constant) it is also possible to get
an explicit expression for (depending only on the parameters of the model).
The results obtained (in the case of constant productivity of schooling) are

summarized in the following Proposition (see Appendix 2.7.3 for the computa-
tions):

Proposition 9 In the model considered with human capital accumulation and
constant productivity of schooling, there exist explicit functions expressing the
long run levels b, b, b, b , b , b, , exclusively in terms of :

b= ( ) b = ( ) b= ( ) b = ( )

b = ( ) b = ( ) = ( ) = ( )

with:

= [ (1 + )]
1

4

In the more general case in which the productivity of schooling is a function
of the technological progress, the same Proposition holds, with the di erence
represented by the fact that the value of is given by the solution of the
equation:

1

2 =
(1 + 0 )

(for the proof of the existence and uniqueness of the solution of this equation,
see Appendix 2.7.2).
From the analysis of the expressions ()( ) it is possible to deduce the e ects

of the di erent exogenous variables on the long run levels in the economy. In
particular, it turns out that the function ( ) depends on , and and the
functions ( ), ( ), ( ), ( ) and ( ) depend on , , and
(the productivity variables in the di erent sectors). In addition, the long run
growth factor is not a ected by the productivity of the final good sector, of
the equipment sector and of the intermediate good sector (contrary to what
happens in the model of Chapter 1), while it is a ected by the productivity of
schooling, as expressed in the following Proposition:

Proposition 10 Assuming that a solution for the steady state system exists,
the long run values of (the productivity in the final good sector), (the pro-
ductivity in the e cient capital sector) and (the productivity of schooling)

a ect the stationary values b, b, b, b , b and b and the long run value of
(the productivity in the intermediate good sector) a ects the stationary values

b, b, b , b and b . Furthermore , and have no impact on the long term
growth factor , while a ects it.
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In this model, therefore, permanent changes in (the productivity in the
final good sector), in (the productivity in the e cient capital sector) and in
(the productivity of human capital in the intermediate good sector) will not

a ect the long run growth rate of the economy, and only a change in (the
productivity of schooling) will have an impact on this growth rate. In conclu-
sion, therefore, the true engine of growth is represented by the accumulation of
human capital, through the schooling activity. This is the central di erence of
this model (that is based on the accumulation of human capital) with respect
to the one introduced in the previous Chapter, in which human capital was
not present. According to these results, the recent ICT-based economic expan-
sion should have a permanent e ect on growth only when ICT investment is
combined with other organizational assets, in particular human capital. This
is consistent with the available empirical evidence, as it will be illustrated in
the next Section.

2.5 Simulation of the model

The model described above can then be simulated numerically in order to
study a number of issues of interest, concerning in particular the short run
behaviour of the economy. First of all, this requires a calibration, and the
values of the di erent parameters are chosen in such a way that the model is
able to reproduce the most relevant empirical data that are available (as in
the previous Chapter). In particular, the calibration is tailored on the data of
the US economy and the parameters are chosen also in order to match a series
of moments of the steady state. First of all in the benchmark model (with
constant productivity of schooling) the capital share in the final good sector
is equal to 0 35 (as in Boucekkine and de la Croix, 2003), while the share

of software in the production of e cient capital is equal to 0 85 (together
with the human capital productivity in the intermediate good sector - that
is fixed to the value 0 25 - it is used to calibrate the size of the new economy
in terms of the human capital employed in the intermediate good and in the
R&D sector, so that about 5% of human capital is devoted to these sectors).
The elasticity of substitution between varieties of softwares is equal to 1 40
(so that the mark-up rate is 3 5), while the rate of depreciation of physical
capital is 10% (as in Boucekkine and de la Croix, 2003) and the psychological
discount factor is 96%. The productivity in the final good sector is equal to
3, while the productivity in the equipment sector is equal to 12 (so that we
have a capital/output ratio equal to 2). Finally, the productivity of schooling
is fixed to 0 044 (from one of the relations of the steady state) and the cost

of a new variety of software in units of output is fixed to 20 (so that the
R&D expenditure is equal to 3 5% of GDP). Table 2 2 reports the targets to
reproduce and the values of the parameters that allow to reach these objectives:
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Table 2.2: Relevant moments of the steady state

and values of the parameters, benchmark case

Moments of the steady state Parameter values

Interest rate 5% = 0 35 = 12
Share of human capit. in interm. and R&D 5% = 0 85 = 0 25
Mark-up rate 3 5 = 1 40 = 0 044
Capital/output ratio 2 = 0 10 = 20
R&D expenditure in terms of GDP 3 5% = 0 96
Growth rate of output 1 04% = 3

Starting from this benchmark situation, di erent types of simulations are
considered, in order to get some interesting results. In particular, first of all
it is possible to study how the economy reacts to shocks on the productivities
of the di erent sectors (and to compare the results with those of the model
presented in Chapter 1 - where human capital accumulation was not present
- and with the available data). A second result is that it is possible to show
that the model has an important property, represented by the presence of
“imbalance e ects” with reference to some variables (in particular the ratio
between physical and human capital, the ratio between physical capital and
R&D expenditure and the ratio between human capital and R&D expenditure):
when the initial value of these variables is di erent from the steady state value
(in particular, lower) the growth rate of the economy is higher than the rate
we have in correspondence of the steady state value of the variables considered.
This remains true introducing a more general notion of output, that of “broad
output”, or assuming that technological progress influences the productivity of
human capital, as shown in the next Subsections.

2.5.1 Productivity shocks and empirical data

The first aspect considered is represented by the e ects of di erent shocks
in the productivity variables, initially in the benchmark version of the model,
with constant productivity of schooling; all these shocks are permanent (from
= 0) and have an intensity of 1%.

The first situation is an increase in (the productivity of the final good
sector). From the analytical results derived above we know that this increase
has no e ect on long term growth, and in fact in the long run the growth rates
of output, physical capital and human capital don’t change with respect to the
initial situation. This is a central di erence with respect to the model (pre-
sented in the previous Chapter) without human capital accumulation, where
an increase in increases long term growth. The reason is that, like in that
model, the lab-equipment specification implies that the production function in
the R&D sector is the same as in the final good sector, so that an increase in
the productivity of the latter is equivalent to an increase in the productivity of
R&D; nevertheless, this is no longer the engine of growth of the model (that is
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now represented by the accumulation of human capital), and hence an in-
crease in its productivity doesn’t have long run e ects on growth.

With reference to the short run, there is initially a strong increase in the
human capital fraction employed in education (about 10% with respect to the
initial steady state value) and a consequent reduction in the fraction employed
in production (where the increase in the productivity of the final good sector
reduces the cost of production of the final good and determines a reallocation
of human capital favourable to the final good sector and at the expenses of
the intermediate good sector). As a consequence, initially there is a strong
increase in the growth rate of human capital (because of the increase in the
human capital fraction employed in education) and a strong decrease (about
15% with respect to the initial steady state value) in the growth rate of output
(because human capital accumulation influences growth with a lag, since edu-
cation requires time before producing its e ects on the economy). After some
time, then, the situation reverses, the human capital fraction in education and
the consequent growth of human capital reduce, while the growth rate of out-
put increases (because the previous accumulation of human capital produces
its e ects) and returns to its initial level (Figures 2 1 2 4).

The same type of dynamics arise when we consider, instead of an increase
in , a decrease in (the cost of a new variety of software). Indeed, a reduction
in this cost (that is expressed in terms of output, as a consequence of the lab-
equipment assumption) is analogous to an increase in the productivity of the
final good sector, and this explains why the results obtained are essentially of
the same kind.

The second situation analysed is an increase in (the productivity of the
equipment sector). Also this kind of shock has no long run e ect, because an
increase in the productivity of the equipment sector increases the production
of e cient capital and therefore of the final good, that corresponds (as a conse-
quence of the lab-equipment assumption) to an expansion in the R&D sector,
but since this is no longer the engine of growth of the model there is no e ect
on long term growth.

With reference to the short run behaviour of the di erent quantities, in this
case initially there is a strong increase in the human capital fraction employed
in education (more than 20% with respect to the initial steady state value)
and a consequent decrease in the fraction employed in production (where the
increase in the profitability of producing e cient capital and of the production
of sofwares determines a rise in the human capital fraction employed in the
intermediate good sector, at the expenses of the fraction employed in the final
good sector). In this situation the growth of output initially slightly decreases
and then increases (of about 5% with respect to the initial value), then the
situation partially reverses, the human capital fraction in education decreases
and the growth rate of output returns to its initial level.
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The same kind of dynamics can be obtained considering an increase in
(the productivity of the intermediate good sector). In fact, this rise reduces the
cost of softwares and increases their production, originating the same type of
behaviour observed in the case of an increase in .

The third situation studied is an increase in (the productivity of school-
ing). In this case, contrary to the previous kind of shocks, there are long run
e ects on growth, since the accumulation of human capital through education
is the true engine of growth of this model. In particular, the rise in the produc-
tivity of schooling determines a gradual increase in the human capital fraction
employed in education and a consequent decrease in the fraction employed in
production (where initially the fraction of human capital in the final good sec-
tor increases, at the expenses of the fraction employed in the intermediate good
sector). This originates an increase in the growth rate of output (initially very
strong, and that then partially reduces), so that the final result is a permanent
positive e ect on the growth of the economy (more precisely, as a consequence
of a 1% increase in the productivity of schooling, the growth rate of output
increases from 1 04% to 1 24%, Figures 2 5 2 8).

It is then possible to analyse these shocks in the more general version of
the model, in which the productivity of schooling is a function of technological
progress (the values chosen for the new parameters are = 1 037, 0 = 1
and = 0 007, in any case other values of , 0 and can be considered, but
the results of the simulations do not change in a substantial way). In this
case the long run e ects are the same as in the benchmark version, while the
short run dynamics are di erent. In particular, considering an increase in the
productivity of the final good sector , in the long run the various growth
rates (of output, of physical capital, of human capital) do not change with
respect to the initial situation. The short run behaviour, on the other hand, is
characterised first of all by a decrease in the human capital fraction employed
in education (contrary to an increase of the same fraction in the version of
the model with constant productivity of schooling) and a consequent increase
in the fraction employed in production (where in particular there is an initial
reallocation of human capital favourable to the intermediate good sector, at the
expenses of the fraction employed in the final good sector). As a consequence,
initially there is a reduction in the growth rate of human capital (because of the
decrease in the human capital fraction employed in education), together with
an increase in the growth rate of output. After some time, then, the situation
reverses, the human capital fraction in education and the consequent growth
of human capital increase, while the growth rate of output strongly decreases
and then partially increases, until it returns to its initial level.

Considering other possible shocks in the productivities of the di erent sec-
tors, similarly, we have that in the short run there are some changes with
respect to the benchmark version of the model with constant productivity of
schooling, but the long run e ects are the same (in particular, changes in the
productivity of the equipment sector, in the productivity of the intermediate
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good sector and in the cost of a new variety of software, like in the productivity
of the final good sector, do not a ect the long run growth rates).
With reference to the empirical evidence available, first of all we have that

the first two simulations analysed are not completely realistic, since (as out-
lined also in Chapter 1) the data show that increases in the productivity of
the di erent sectors are accompanied by increases in the growth rates (while in
these simulations this does not happen). The third simulation considered, on
the contrary, is the most realistic, since it shows that the role of human capital
is crucial in order to have permanent e ects on the growth of the economy.
In e ect, as outlined in the previous Chapter and as it emerges from di erent
studies (see OECD 2000, 2001, 2003, 2004), GDP growth in the US has been
remarkable in the last decades (it has been equal, on average, to 3 2% per year
in 1980-90, to 2 5% per year in 1990-95 and to 4 2% per year in 1995-2000),
and this performance has been due to the improvements in labour productivity
and labour utilisation at the same time. In particular, a fundamental role in
labour productivity growth has been played by the improvement in the quality
of labour (i.e. human capital) used in the production process, as shown by the
rise in educational attainment among workers over the 1990s. For instance, as
reported in the Introduction, in the US in 1992 for the 25-64 year-old popu-
lation 30 2% had attained qualifications at the tertiary level, and in 2005 this
percentage increased to 39%, showing a clear and strong improvement in the
level of human capital. Another result that confirms the importance of human
capital for growth is the one according to which in OECD countries one addi-
tional year of schooling would lead, on average, to about 6% higher GDP in
the long run (OECD 2000). All these data show that human capital is really
important for economic growth, that is exactly what emerges from the model
presented in this Chapter, and from the third simulation considered above. The
model and the simulations are therefore consistent with the empirical evidence,
according to which ICT use does have impacts on firm performance when it
is accompanied by other changes and investments, in particular on skills. In
e ect, many empirical studies (see OECD, 2003) suggest that ICT primarily
a ects firms where skills have been improved, and therefore one of the drivers
of economic performance is represented by the interaction between ICT and
human capital, as the third simulation presented above confirms.

2.5.2 Imbalance e ects

The imbalance e ects literature

A second aspect that emerges from the simulations is an important property
of the model, represented by the presence of “imbalance e ects” with reference
to some variables. Indeed, one of the most important and interesting problems
in the theory and empirics of economic growth is the dependence of the out-
put growth rate on the ratio (physical capital/human capital), and if the
growth of output depends on this ratio there is what is called an “imbalance
e ect”. This e ect is symmetric if it is represented by a symmetric U-shaped



2.5. Simulation of the model 65

dependence (so that the growth is fast if the ratio of physical to human capital
is significantly below or above its steady-state value), while it is asymmetric if
it is represented by an asymmetric U-shaped dependence (so that the output
growth depends uniformly positively or uniformly negatively on the physical
to human capital ratio). This can also be considered as a way to interpret how
an economy evolves towards the balanced growth path if it starts from a ratio
between physical and human capital out of its equilibrium value.

A deep analysis of this topic in endogenous growth models is presented in
Barro and Sala-i-Martin (1995). The central idea is that when the value of
the ratio is di erent from the steady state value (in particular, when it
is lower), the growth rate of the economy is higher than the rate we have in
correspondence of the steady state value of . In particular, within a one-
sector model in which physical and human capital are produced by the same
technology (and provided gross investments in both capital forms are non-
negative), the growth rate of output is a U-shaped function of the ratio physical
to human capital. This means that shortfalls of human capital will have roughly
the same growth-enhancing e ects as shortfalls of physical capital, which is not
realistic (indeed, as Barro and Sala-i-Martin point out, there is little evidence
that a shortfall of human capital, as provoked for example by an epidemic, has
such a short term e ect). For a more realistic study of the imbalance e ects
it is therefore necessary to refine the one-sector model (for example by adding
investments’ adjustment costs, that are larger in the case of human capital,
since it is di cult to significantly speed up the process of learning) or to move to
multi-sector models, for example the Lucas (1988) model. The analysis on this
model has been developed in particular by Mulligan and Sala-i-Martin (1993)
and Barro and Sala-i-Martin (1995). Using mainly numerical simulations and
qualitative reasoning, they show that, in contrast to the one-sector set-up,
this two-sector model does not give rise to the U-shaped imbalance e ects.
This is due to the fact that, as the education sector is by construction more
intensive in human capital, its operation cost is larger in case of a shortfall of
human capital because of the induced higher wage, and this motivates people
to allocate human capital to the final good sector, rather than to the education
sector. As a consequence, the growth rate of output turns out to be a decreasing
function of the ratio physical to human capital.

In addition to the mainly computational approach followed in the above
mentioned literature, some theoretical contributions have been given to the
study of this issue. Xie (1994), Caballé and Santos (1993) and Benhabib and
Perli (1994) are the most comprehensive and rigorous. A recent theoretical
contribution is then the one of Boucekkine and Ruiz-Tamarit (2004), that pro-
vide an analytical support for the computational and qualitative literature of
imbalance e ects. Indeed, they solve analytically the Lucas model in a par-
ticular parametric case, obtain shapes of imbalance e ects consistent with the
findings of the numerical and qualitative work of Mulligan and Sala-i-Martin
(1993) and Barro and Sala-i-Martin (1995), and conclude that these findings
seem to be robust to the presence of externalities, since they prove that in the
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Lucas model with a weak externality the level of output per capita may ex-
hibit a U-shaped imbalance e ect, as numerically pointed out in another recent
paper by Nili (2002).

From the empirical point of view, finally, cross-country regression studies
indicate that for a given level of output, economic growth increases with the
human capital level (Barro and Sala-i-Martin, 1995), and this provides indirect
evidence that growth depends negatively on the ratio of physical to human
capital. Additional inference can be made from case studies of economies with
high or low physical to human capital ratios: for instance, postwar West Ger-
many and Japan, which were left with low physical/human capital ratios, grew
rapidly, while growth was not fast in economies with high physical/human cap-
ital ratios (Hirshleifer, 1987). An interesting contribution along this line of
research is then due to Duczynski (2003), that examines the dependence of the
per capita output growth between 1960 and 1990 on the initial physical/human
capital ratio in a sample of 73 countries, and obtains that the growth depends
significantly negatively on this ratio, hence giving supporting evidence of the
asymmetry of the imbalance e ect between physical and human capital.

Imbalance e ects in endogenous growth models

As pointed out above, the theory of economic growth has ambiguous im-
plications regarding the imbalance e ect. Considering first of all a one-sector
model in which physical and human capital are produced by identical produc-
tion functions, this setup implies a particular steady state value for the ratio
, and if the initial value of this ratio is di erent from the steady state one

there are adjustments in the two stocks until the steady state value is attained.
In this case, imposing the restriction according to which gross investment in
physical and human capital cannot be negative (because this would not be
realistic) it is possible to obtain interesting results concerning the e ects on
growth due to imbalances between the levels of physical and human capital.

In particular, if the economy starts from a situation in which human capital
is initially abundant relative to physical capital , so that the ratio is

below its steady state value, then the agents realize that they have too much
in relation to , and since it is not feasible to have negative gross investment
in , they don’t invest in and they allow to depreciate. At this point the
growth rates of and decline monotonically over time (as in the standard
neoclassical growth model), and since declines (at the depreciation rate) and
increases (at a decreasing rate) the ratio rises over time. These results

imply that the growth rate of output is inversely related to the ratio when
this ratio is below its steady state value, and this relation is called “imbalance
e ect”, since the greater the imbalance (that is the further is below its
steady state value) the higher the growth rate. The results are analogous
if the economy begins with a relative abundance of physical capital, so that
the ratio is above its steady state value, and in this case the agents don’t
invest in and they allow to depreciate. The setup is again equivalent to
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the standard neoclassical growth model, therefore the growth rates of and
decline monotonically over time, and since declines (at the depreciation

rate) and increases (at a decreasing rate) the ratio falls over time. These
results imply that the growth rate of output is positively related to the ratio
when this ratio is above its steady state value, therefore there is again an

“imbalance e ect”, since the greater the imbalance (that is the further is
above its steady state value) the higher the growth rate.

The result of this analysis is that the relation between the growth rate of
output and the ratio follows a U-shaped function; the minimal growth rate

corresponds to the steady state ratio of , and on either side of the steady state

the growth rate rises symmetrically with the magnitude of the gap between
and its steady state value. According to the theory, therefore, a reduction
of physical capital (Barro and Sala-i-Martin give the example of a war that
destroys but not ) has the same e ect on the growth rate of a reduction of
human capital (due for instance to an epidemic that destroys but not ).

In reality, it is most plausible that an increase in above its steady state
value has only a small positive e ect on the growth rate, lower than the cor-
responding e ect due to a decrease in below its steady state value, and
therefore it is possible to consider an extension of the theory that leads to
asymmetric e ects from below or above its steady state value. In particular,
it is possible to introduce adjustment costs for capital accumulation, that can
be assumed to be greater for than for ; in this case a relative abundance
of would lead to substantial investment in and, as a consequence, to a
high growth rate of output, but a relative abundance of would have a much
smaller e ect on investment in and, hence, on the growth rate of output. If
this is true, the relation between the growth rate of output and the ratio
still follows a U-shaped function, but (since the adjustment costs for changing
human capital are greater than those for changing physical capital) the sen-
sitivity of the growth rate to is larger when this ratio is below its steady
state value than when it is above its steady state value. This model therefore
predicts that an economy would recover much faster from a war that destroyed
mainly than from an epidemic that destroyed mainly .

The same result can be obtained considering a two-sector model in which
physical and human capital are produced by di erent technologies, assuming
also that education (i.e. the production of new human capital) is relatively in-
tensive in human capital as an input (because the assumption made in the first
model that physical goods and education are generated by the same production
functions neglected a key aspect of education, i.e. the fact that it relies heavily
on educated people as an input). This modification of the production struc-
ture creates an asymmetry in the e ects on the growth rate that derive from
imbalances between physical and human capital, so that the growth rate rises
with one type of imbalance and falls with the other type in the neighbourhood
of the steady state. In particular, the result is that the growth rate of output
still increases with the magnitude of the imbalance between and if human
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capital is relatively abundant, but tends to fall (or to increase more slowly)
with the magnitude of the imbalance if human capital is relatively scarce. This
result is due to the assumption that the education sector is relatively intensive
in human capital; in this case, if the ratio is higher than its steady state
value, then the marginal product of human capital in the goods sector is high,
and growth occurs mainly because of the high growth rate of human capital
(indeed this rate is increasing in ). The high level of implies however a
high wage rate and therefore a high cost of operation for the sector of educa-
tion which is relatively intensive in human capital. This motivates people to
allocate human capital to the production of goods rather than to education
and this e ect tends to retard the growth rate of the economy.

In conclusion, considering a one-sector model in which physical and human
capital are produced by the same technology, the growth rate of output rises
with the magnitude of the gap between the ratio and its steady state value,
generating an “imbalance e ect” that is symmetric (i.e. higher growth rates of
output emerge if either or is in relatively short supply), so that shortfalls of
human capital will have approximately the same e ects on growth as shortfalls
of physical capital (which is not realistic). Considering a more realistic two-
sector model in which physical and human capital are produced by di erent
technologies (with the production of human capital that is relatively intensive
in human capital), the conclusions about the imbalance e ect change, since the
growth rate of output now tends to rise with the magnitude of the imbalance
between the ratio and its steady state value if human capital is relatively
abundant, but tends to decline (or to rise more slowly) with the magnitude of
the imbalance if human capital is relatively scarce.

The model presented in this Chapter is a multi-sectoral model with human
capital, hence these latter conclusions should apply to it. To verify this point,
it is possible to use the data obtained from the simulations presented above to
derive, first of all, the relationship between the growth factor of output and
the ratio between physical and human capital ; the results are reported in
the following graphic:
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From this picture the presence of an imbalance e ect is confirmed, and it turns
out that (as the theory predicts) the growth factor (and therefore the growth
rate) of output rises with the magnitude of the imbalance when the ratio is
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below its steady state value, while it rises more slowly with the magnitude of
the imbalance when the ratio is above its steady state value.
A similar result holds with reference to the relation between the growth fac-

tor of output and the ratio between physical capital and R&D expenditure
, in fact in this case we have:
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and again there is an asymmetric imbalance e ect, with the growth rate of
output that rises with the magnitude of the imbalance only when the ratio
is lower than its steady state value.
The same kind of result, finally, can be obtained considering the relation

between the growth factor of output and the ratio between human capital
and R&D expenditure , in fact in this situation we obtain:
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and also in this case there is an (asymmetric) imbalance e ect.
These results show that the model introduced has the property represented

by the presence of “imbalance e ects”, and they also have some implications, for
instance considering the situation of underdeveloped countries. These countries
are characterized by the presence of low levels of human capital and of R&D
expenditures, hence the ratios and are high. According to the results
obtained, the corresponding growth rates of output are lower than the values
that would prevail if the same ratios were smaller, hence these countries will
grow at lower rates than countries starting from higher levels of human capital
and of R&D expenditures, and they will not be able to reach the latter.

The impact on broad output

An interesting extension of the analysis developed so far consists in study-
ing what happens introducing the notion of “broad output”, a concept used by
Barro and Sala-i-Martin (1995) in their analysis of imbalance e ects. Indeed,
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measured output can be broadened to include gross investment in human capi-
tal multiplied by an appropriate shadow price of human capital. Broad output
is therefore defined as the sum of narrow output and the value in units of goods
of the gross investment in human capital, i.e.:

= + ( 1)

where is broad output, is narrow output, represents the price of human
capital in terms of output and ( 1) is the investment in human capital.
This represents a new equilibrium equation of the model, and rewriting it along
a balanced growth path we obtain the following further restriction that must
hold among the various growth factors:

= =

where represents the long-run growth factor of broad output, that therefore
equals the long-run growth factor of narrow output .
It is then possible to introduce the stationarized dynamic equation corre-

sponding to the original equilibrium equation written above, getting:

b = b + b 4 b
µ
1

1
¶

where b = 2 and b = 2 . In the same way the stationarized steady state

equation corresponding to the original one can be obtained, and is given by:

b = b + b 4 b
µ
1

1
¶

where b =
2
and b =

2
. At this point it is possible to perform the

simulations of the model considering also the new equilibrium equation, and
the results of these simulations can be used to derive the relationship between
the growth factor of broad output and the ratio between physical and human
capital ; the results are reported in the following graphic:
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From this picture we have that the growth factor of broad output tends to be
a monotonically decreasing function of the ratio between physical and human
capital (exactly as obtained by Barro and Sala-i-Martin, 1995). When the
ratio is below its steady state value the growth rate of broad output rises



2.5. Simulation of the model 71

with the magnitude of the imbalance, while when this ratio is above its steady
state value the growth rate of broad output declines with the magnitude of the
imbalance. Also when we introduce the notion of broad output, therefore, an
asymmetric imbalance e ect is present in the model.

Productivity of human capital and technological progress

Another aspect that can be examined is represented by the numerical sim-
ulation of the model considering its more general version, in which the pro-
ductivity of schooling is a function of technological progress. Assuming for the
new parameters , 0 and the values considered above for the simulations,
first of all we have that the equation that gives the value of is satisfied for
= 1 01105 (other values of , 0 and can be considered, but the results of

the simulations do not change in a substantial way). At this point it is possible
to perform the simulations of the model for these parameter values (together
with the values considered previously for the other parameters), and the results
can be used in particular to derive the relationships between the growth factor
of output and the ratios , and . Considering first of all the rela-
tionship between the growth factor of output and the ratio between physical
and human capital, in this case we get:
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so that there is a clear asymmetric imbalance e ect. Considering the relation-
ship between the growth factor of output and the ratio between physical capital
and R&D expenditure we then have:
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hence the shape of the imbalance is di erent from the previous one, and simi-
larly considering the relationship between the growth factor of output and the
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ratio between human capital and R&D expenditure we obtain:
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and again the shape of the imbalance is di erent, in particular with respect to
the first one.
From these graphics it emerges that the imbalance e ects continue to be

present also in this version of the model, especially with reference to the behav-
iour of the growth factor of output in relation to the ratio between physical and
human capital. In e ect, in this case the imbalance is particularly evident and,
with respect to the benchmark model with constant productivity of schooling,
the imbalance e ect is accentuated when is below its steady state value and

it is attenuated when is above its steady state value. Furthermore, these im-
balance e ects are asymmetric, since the growth rate of output is higher when
the ratio considered is below its steady state value, while it declines when this
ratio is above its steady state value.

2.6 Conclusion

This Chapter has proposed a multi-sectoral endogenous growth model that
reproduces an ICT-based economy considering R&D activity with horizontal
di erentiation and human capital accumulation, in order to take into account
the crucial role of the latter when new technologies are present. In this context,
some important results can be obtained, both analytically and through simu-
lations, either in the benchmark case in which the productivity of schooling is
constant and in the case in which this productivity is a function of technolog-
ical progress (in order to specify the complementarity between human capital
accumulation and technological progress).
First of all it is possible to show that the productivity of schooling a ects

the long run growth of the economy, while the productivities of the other sec-
tors don’t have these e ects, hence in this case human capital accumulation
is the true engine of growth. It is then possible to analyse the reaction of the
economy, also in the short run, to di erent types of shocks, and to compare
the results with the available empirical evidence. Furthermore, an important
property that emerges with reference to this model is the presence of imbalance
e ects with reference to some variables (in particular concerning the relation-
ship between the growth rate of output on the one hand and the ratio physical
capital/human capital, or physical capital/R&D expenditure, or human capi-
tal/R&D expenditure on the other hand), that has also important implications
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for the growth process. The imbalance e ects continue to be present also intro-
ducing the notion of broad output, or in the more general version of the model
in which the productivity of schooling is a function of technological progress.

2.7 Appendix

2.7.1 Derivation of the equilibrium conditions

The equilibrium conditions are obtained from the optimality conditions and
the market equilibrium relationships. First of all, the demand for human capital
by the final good sector is given by equation (2 3), while the demand for human
capital by the intermediate good sector can be obtained from equations (2 6),
(2 7) and (2 8) and is given by:

Z

0

=

µ
1
¶ µ ¶

1 1

and therefore the equilibrium on the human capital market, given by equation
(2 13), is:

µ
(1 )

¶ 1

+

µ
1
¶ µ ¶

1 1 = 1

The equilibrium on the final good market can be obtained from equations
(2 1), (2 3) and (2 14) and is:

1
µ
1

¶ 1

= + + 4

The law of motion for can be obtained substituting the expression (2 3)
in the first-order condition of the problem of the representative firm in the final
good sector, using the definition of and replacing the value of from the
first-order condition of the problem of the representative firm in the equipment
sector, and is:

1

(1 )

µ
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¶ 1

= 1
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¶

while the law of motion for is given (considering the particular case in which
the productivity of schooling is constant) by equation (2 10):

= [1 + (1 )] 1

The optimal consumption is then given by equation (2 11):

+1
= (1 + +1)
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and the optimal wage by equation (2 12):

+1
=
1 + +1

1 + +1
·

+1

The accumulation rule of capital is obtained from equations (2 2) and (2 4)
and is:

= (1 ) 1 +

while from equations (2 5), (2 6) and (2 8) it is possible to get:

=
1
1

µ
1
¶

that links the embodied technological progress to the expansion in the varieties
of intermediate products.
Finally, the free-entry condition can be rewritten as:

=
1 ( 1)1

X

=

1 1

and then:

+1 =
1 ( 1)1

X

= +1

1 1

The two expressions for and + 1 are therefore:
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1 ( 1)
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and subtracting the second from the first:

1 ( 1)1
·

+1

1 + +1
= 1 1

2.7.2 Derivation of the balanced growth path

Along a balanced growth path each endogenous variable grows at a constant
rate, hence if is the initial level of the variable and is the growth factor
of the same variable, we have = . In particular, the growth factors we
are interested in are:

and since a balanced growth path must satisfy the equations (2 15) (2 23),
we have the following nine restrictions among these growth factors (to obtain
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them it is su cient to rewrite the equilibrium equations substituting the generic
variable with the expression ):

( )
1

=
( )

( )
1

= (2.26)

= = = = ( )
1

(2.27)

( ) ( )
1

= 1 (2.28)

= [1 + (1 )] (2.29)

= (1 + ) (2.30)

=
1 +

1 +
(2.31)

= ( ) (2.32)

=
1
1 (2.33)

( )1 ( )1 = 1 (2.34)

In correspondence of a balanced growth path, the various growth factors
must therefore satisfy the restrictions expressed by equations (2 26) (2 34),
and using these restrictions it is possible (in the case in which the productivity
of schooling is assumed to be constant) to determine explicitely the di erent
growth factors. In fact, first of all from (2 28) we have:

= ( ) 1

From (2 33) we get:

= ( )
( 1)(1 + )

1 = = =

From (2 32) we obtain:

= ( ) +
( 1)(1 + )

1

and the same result can be obtained from (2 27).
From (2 26) we have:

= ( )
(1 + ) 1+ 2

1

while (2 34) is satisfied.
From (2 30) we then get:

= 1 =
( )

( 1)(1 + )
1

1
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and finally from (2 31) we have:

( ) 1 =
( )

( 1)(1 + )
1

(1 + )

that enables to obtain explicitely the value of :

= [ (1 + )]
1

(1 + ) 1+ 2

and then the values of the other growth factors as a function of the di erent
parameters of the model ( , , , , ), since the seven unknowns of the
problem ( , , , , , , ) are related by a system of seven equations
(the equations (2 26), (2 28), (2 29), (2 30), (2 31), (2 32), (2 33) while (2 27)
and (2 34) are redundant). Furthermore, from (2 29) we get (using the value
of determined from the value just found for , and that turns out to be

= (1 + )):

= 1
1
=
(1 + ) (1 )

and since 0 1 this requires 1
1+ 1.

In the more general version of the model in which the productivity of school-
ing is a function of technological progress, the restrictions that must hold along
a balanced growth path are always those expressed by equations (2 26) (2 34),
with the exception of (2 29) and (2 31) that are replaced by:

=
£
1 +

¡
0

¢
(1 )

¤
(2.35)

=
1 +

1 + 0
(2.36)

Using these restrictions it is then possible to obtain the di erent growth factors
as functions of , that turn out to be the following:

= = = = ( )
( 1)(1 + )

1

= ( ) 1

= ( )
+ ( 1)(1 + )

1

= ( )
(1 + ) 1+ 2

1

and from (2 36) we have (substituting the values found for the di erent variables
in terms of ):

( ) 1 =
( )

( 1)(1 + )
1

µ
1 + 0 ( )

( 1)(1 + )
1

¶ (2.37)
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from which it is possible to get (in this case numerically, and not analitycally
as before) the value of . From (2 35) we then have:

= 1
1

0
= 1

( )
(1 + ) 1+ 2

1 1

0 ( )
( 1)(1 + )

1

It is easy to prove that the solution of equation (2 37) exists and is unique.
First of all, it is possible to note that can be expressed as a function of
= in the following way (as it emerges from the expressions of the di erent

growth factors):

=
1
2

so that equation (2 37) becomes:

1

2 =
(1 + 0 )

(2.38)

that can also be written in the form:

1

2

¡
1 + 0

¢
=

At this point, to prove that the equation is satisfied for a (unique) value of
0 (while it is clearly satisfied for = 0, that is not interesting) it is possible

to consider separately the left hand side and the right hand side:

( ) =
1

2

¡
1 + 0

¢

( ) =

The derivative of the left hand side is:

0( ) =
1

2

1

2
1 ¡

1 + 0
¢
+

1

2
0

for which we have (if 2 1, so that 1
2

1, that is the case we have when
the parameter values are those assumed in the text):

lim
0+

0( ) = + lim
+

0( ) = 0 0( ) 0 0

while the derivative of the right hand side is:

0( ) = 1

As a consequence, the functions ( ) and ( ) coincide for = 0 (that is a
solution, even if not interesting, of the equation considered), then the function
( ) (that is strictly increasing for 0) initially is steeper than the function
( ) (which has a constant slope) and then it becomes flatter, and therefore
the two functions coincide again for a (unique) value of 0. This means that
the solution (for 0) of equation (2 38) exists and is unique, and the same
holds for the solution, expressed in terms of , of equation (2 37).
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2.7.3 Derivation of the stationarized dynamic system and

of the steady state system

The dynamic system (2 15) (2 23) can be rewritten as a function of the
following stationary variables:

b = 1
b = 2

b = 2
b = 3

b = 4 b = 2 =
1

where 1, 2, 3, 4 are the expressions reported in the text. In this way it
is possible to get the stationarized dynamic system, that is expressed by the
following equations:

((1 ) )
1 b b 3 4 +

µ
1
¶

1b1 4b1 b = b
1

4

1 b b 3 (1 )
1

= b + b + b
µ
1

1
¶

1

(1 ) b (1 )
1

+
1

1 + +1

µ

+1

¶µ b
b+1

¶ µ b +1

b +1

¶
3 1

= 1

b 4 = [1 + (1 )] b 1

b
+1

b ·
b
b +1

+1 = (1 + +1)

µ b
b +1

+1

¶ 1

2

=
1 + +1

1 + +1
·

+1

b (1 ) b 1
3 = b bb 3

b
= b

1
1

µ
1
¶

1 ( 1)1
·

+1

1 + +1
= b1 b

In the more general version of the model in which the productivity of school-
ing is a function of technological progress, the stationarized dynamic system is
expressed by the same equations, except for the fourth and the sixth, that are
replaced by:

b 4 =
£
1 +

¡
0

¢
(1 )

¤ b
1

µ b
b +1

+1

¶ 1

2

=
1 + +1

1 + 0 +1
·

0 +1

0
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To obtain the steady state system corresponding to the stationarized one it
is then possible to define the following stationary variables (corresponding to
those introduced above):

b=
1

b =
2

b=
2

b =
3

b =
4

b =
2

=

and to write:

lim
+

= lim
+

= lim
+

= lim
+

=

The stationarized steady state system is now given (in the case of constant
productivity of schooling) by the following equations:

((1 ) )
1 bb 3 4 +

µ
1
¶

1b1 4b1 b= b 4 (2.39)

1 bb 3 (1 )
1

= b + b+ b
µ
1

1
¶

(2.40)

1

(1 ) b (1 )
1

+
1

1 +
1 3 = 1 (2.41)

4 = [1 + (1 )] (2.42)

= (1 + ) (2.43)

1

2 =
1 +

1 +
(2.44)

b £1 (1 ) 3
¤
b 3 = b b (2.45)

µ
1
¶
b 1

1 = b (2.46)

1 ( 1)1
·
1 +

= b1 b (2.47)

and in the case of productivity of schooling that is a function of the technolog-
ical progress, equations (2 42) and (2 44) are replaced by:

4 =
£
1 +

¡
0

¢
(1 )

¤
(2.48)

1

2 =
1 +

1 + 0
(2.49)

From these equations it is then possible to express (in the case of constant
productivity of schooling) the long run levels as functions of the parameters of
the model. First of all, from equation (2 43) we have:

= ( ) = 1
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From (2 42) we then have:

= ( ) = 1
4 1

while from (2 41) we get:

b= ( ) =

Ã
1 1

1+ ( )
1 3

1
(1 ) (1 )

1

! 1

From (2 46) we obtain:

b = ( ) =

µ

( )
·

1
¶1

while from (2 47) we have:

b= ( ) =
1 ( 1)1

·
( )

1 + ( )
·

1

( ( ))1

and from (2 45) we get:

b = ( ) =
1 (1 ) 3

( ( ))
( )

( ( )) 3

From (2 40) we have:

b = ( ) =
1

( ) ( ( )) 3 (1 )
1

( )

µ
1

1
¶

( )

and finally from (2 39) we have:

b = ( ) =
4 h
((1 ) )

1

( ) ( ( )) 3 4 +

+

µ
1
¶

1 ( ( ))1 4 ( ( ))1 ( )

¸

At this point, combining equations (2 43) and (2 44) it is possible to obtain
explicitely the value of :

= [ (1 + )]
1

4 (2.50)

(as already found in the analysis of the balanced growth path), and therefore
all the long run levels can be expressed in terms of the parameters , , , ,
.

In the more general version of the model in which the productivity of school-
ing is a function of the technological progress, the only di erences concern the
value of , that from equation (2 48) turns out to be:

= ( ) = 1
4 1
0
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and the relation that must be satisfied by , that from equations (2 43) and
(2 49) is now given by:

1

2 =
(1 + 0 )

This relation allows to get (numerically, and not analytically as before) the
value of , from which all the long run levels can then be obtained.
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Chapter 3

Technological Progress, Organizational

Change and the Size of the Human

Resources Department

3.1 Introduction

The recent ICT revolution, considered in the previous two Chapters, has
also favoured the development of numerous innovative workplace practices in
most OECD countries (see for example Osterman, 1994, for the US case, and
Boucekkine and Crifo, 2007, for more recent empirical evidence for OECD coun-
tries). A view emerges as the productivity gains from investing in ICT cannot
be significant without an appropriate evolution in the workplace organization
towards more flexibility, which in turn is likely to rise the demand for skilled
labour. This view is advocated and tested for example in the well-known paper
of Bresnahan et al. (2002).
Table 3 1 illustrates this rising organizational flexibility following the ICT

revolution. Work organization inside firms evolved from specialization to multi-
tasking, and flexible forms of workplace organization have largely di used in
most OECD economies. For example, the two thirds of American firms and
57% of German establishments now rely on multi-tasking, and the proportion
of workers involved in organizational changes increased continuously (and even
doubled) in Great Britain and France.

Table 3.1: Tasks and computer use in the EU (% of workers), 1991-2000
1991 1996 2000

Job involving complex tasks 57 56

Job involving repetitive tasks 23.3 16 15

Working with computers 13.9 38 41
Source: European surveys on working conditions, European foundation for the

improvement of living and working conditions.

Parallel to this trend, we can also observe an increasing employment share
of skilled workers in major OECD countries during the 1990s along with the
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dissemination of ICT, as shown in Table 3 2 (additional evidence confirming
this trend in other OECD countries can be found in Boucekkine and Crifo,
2007).

Table 3.2: High-skilled (HS) ICT workers in the European Union and the United

States, Average annual employment growth (1995-01) (* = in 2001)

HS workers HS ICT-related Share of HS ICT workers

workers in total occupations*

United States 2.79 5.29 2.63

France 1.67 7.11 2.05

Italy 5.99 8.58 1.30

Belgium 2.13 8.91 2.01

Germany 1.66 9.41 1.90

Denmark 3.08 9.49 2.58

EU 2.79 10.11 2.01

United Kingdom 1.37 12.63 2.60

Source: OECD (July 2004) based on the Eurostat Labour Force Survey and the US

Current Population Survey, May 2003.

A definitely much less stressed aspect of organizational change, which is
central in this Chapter, is the impact on human resources departments. In
general, one would expect that the role of such department will be significantly
altered in a situation where flexible forms of work organization are so massively
adopted. Indeed, a quick look at the data confirms this intuition. In particular,
the management ratio increased in many OECD countries during the twentieth
century, but started decreasing in the early 2000s. In France for instance,
the percentage of workers employed in managerial and professional specialty
occupations rose from 7 1% in 1982 to 11 1% in 2000 and decreased to 4 8%
in 2004. Similarly, this ratio ranges from 10 5% in 1970 to 14 6% in 2000
and 13 9% in 2004 in the United States. Additional evidence for other OECD
countries is reproduced in Table 3 3. With reference to other countries, the
management ratio (managers as percentage of the workforce) in 2004 amounted
to 9 2% in Australia, 10 1% in Sweden, 10 7% in Hong-Kong, 12 5% in India
and 13 2% in the Netherlands (Future Foundation and SHL, 2004).

We see from Table 3 3 that two groups of countries may be distinguished. In
the first group, managerial occupations represent between 10 to 14% of total
employement: US, UK, Canada are representative countries of this group1 .
Such countries have a relatively large proportion of managers in percentage of
the workforce and can be considered as more managerial or “bureaucratic” than
the second group of countries (Norway, France, Denmark, Germany, Japan),
for which managers represent a much lower fraction of the workforce (between
2 to 7% of total employment).

1This group also comprises Australia, Sweden, Hong-Kong, India and the Netherlands.



3.1. Introduction 85

Table 3.3: Employment in managerial occupations in selected countries over the

twentieth century (in percentage of total employment)

US, 1910-2004 1910 1960 1970 1980 1990 2000 2004

6.4 11.1 10.5 11.2 12.6 14.6 13.9

UK, 1911-2004 1911 1961 1971 1981 1991 2000 2004

3.4 2.7 3.7 5.3 14.3 16.3 13.6

Canada 1950-2001 1950 1970 1980 1992 1999 2001

8.4 10.0 7.7 13.0 11.7 10.4

Norway, 1981-2004 1981 1985 1991 1995 1997 2000 2004

5.3 6.5 6.6 7.0 7.8 8.0 7.2

France, 1982-2004 1982 1989 2000 2004

7.1 7.5 11.1 4.8

Denmark, 1981-2004 1981 1985 1991 1995 1997 2000 2004

4.0 3.4 4.4 6.5 7.0 7.1 4.6

Germany, 1976-2004 1976 1980 1989 1999 2004

3.8 3.2 4.1 4.9 3.3

Japan, 1960-2007 1960 1970 1980 1990 1999 2007

2.1 2.6 4.0 3.8 3.3 2.7

Sources: UK, US, Canada, France, Germany, Japan data for the period 1950-2000:

Aoyama and Castells (2002) and for year 2004: OECD (2002-2004). US data for

year 1910: Wyatt and Hecker (2006). UK data for year 1911: Gallie (2001). Canada

data for year 2001: Statistics Canada. Japan data for year 2007: Japan Labour

Force Survey. Denmark, Norway data for the period 1981-2004: ILO Labour

Statistics Database and for year 2004: OECD (2002-2004).

Interestingly, the management ratio has started to decrease in both groups
of countries in the beginning of 2000s. Since this period corresponds to the
wide-scale di usion of computer usage and multi-tasking, the restructuration
process accompanying organizational changes and multi-tasking might be af-
fecting human resources departments as well. This observation is consistent
with the recent literature emphasizing that firms tend to be delayering and hi-
erarchies are becoming flatter. In particular, advances in information technol-
ogy may expand the e ective span of control of top managers (Rajan and Wulf,
2006) and recent organizational changes tend to rely on the decentralization
of authority, delayering of managerial functions and increased multi-tasking
(Caroli and Van Reenen, 2001).
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In the light of all these data, the evolution of skills, job content and work
organization observed in many OECD countries over the past decades can be
summarized in the following three main characteristics:

• increase in the proportion of workers employed in managerial occupations,
together with a recent decrease since the ICT revolution

• di usion of innovative workplace practices based on multi-tasking and
computer use

• increase in skills requirements

The fact that the development of multi-tasking seems to be accompanied by
an increase and then a decrease in the management ratios could suggest that
coordinating workers and tasks should become more complex in the new econ-
omy. Becker and Murphy (1992) already argued that unlike Adam Smith’s
argument, specialization and the optimal division of labour would be deter-
mined more by the cost of combining specialized workers - i.e. coordination
costs - than by the extent of the market. In particular, two types of coordina-
tion costs matter: the costs incurred by firms when coordinating workers’ e ort
across various tasks and the costs of versatility incurred by workers subject to
increased pressure and work rhythms.
This Chapter is only concerned with the former type of costs and studies

the determination of the optimal number of tasks performed per worker in an
economy where individuals devote time to production and human capital ac-
cumulation, and where multi-tasking both increases production and gives rise
to coordination costs. Coordination costs could take several forms, which are
surveyed in detail in the next Section. In particular, we shall distinguish be-
tween horizontal coordination costs, which involve the costs of coordinating
the tasks accomplished by each production worker, and vertical coordination
costs, which reflect coordinating di erent workers. In our model, the first can
reduce the coordination costs by assigning more workers to pure coordination
non-productive tasks. We then examine how the economy reacts to permanent
exogenous technological accelerations. The model is able to reproduce the three
stylized facts outlined above. Importantly enough, the model delivers a per-
manent trend towards multi-tasking and human capital accumulation following
permanent technological accelerations, while the size of the human resources
department, that is the fraction of workers devoted to reduce coordination
costs, is also significantly raised and then reduced.

The work produces two important contributions to the literature. In first
place, it brings out a novel modelling of coordination costs and the associated
human resources management workers. The framework is additionally found
to replicate the recent evidence on the evolution of the size of human resources
departments in the OECD countries following the ICT revolution. Second,
it generalizes the findings of Boucekkine and Crifo (2007) in many respects.
These authors have produced a simple OLG model with a fixed given number
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of tasks with human capital accumulation but without coordination costs. In
this work, the number of tasks is endogenous in the presence of well-motivated
coordination costs. In this sense, it has a much broader scope than Boucekkine
and Crifo’s 2007 model.

The Chapter is organized as follows: Section 3.2 defines precisely coordi-
nation costs. Section 3.3 presents the setup of the general equilibrium model
and derives the optimality and equilibrium conditions. Section 3.4 derives the
steady state values and the associated comparative statics. Section 3.5 reports
some simulations exercises to analyse the impact of permanent exogenous tech-
nological accelerations on the economy. Section 3.6 concludes, while the main
computations are reported in the Appendix.

3.2 Defining and accounting for coordination

costs

As we analyse within-firm work organization, the evidence we report here is
focused on “internal” coordination costs, i.e. intra (or within) firm coordination
costs2 .
From a theoretical perspective, the literature on coordination problems mostly

focuses on the division of labour and the returns to workers’ specialization
(Yang and Borland, 1991, Tamura, 1992). Some papers examine the impact of
ICT on coordination (Brynjolfsson et al., 1994), but very few papers analyse
the role of coordination costs per se (see e.g. Becker and Murphy, 1992, or
Hobijn, 1999). As coordination costs are multi-faceted, the theoretical litera-
ture has focused on various types of costs borne by the firm and the employees,
among which:
Switching costs between activities in terms of time, response delay or reduced

goods quality (Lien et al. 2003, 2006).
Communication costs and knowledge acquisition costs between workers (see

Dessein and Santos, 2003, Bolton and Dewatripont, 1994, Radner, 1993, Gari-
cano, 2000, Borghans and Ter Weel, 2006). In Garicano’s model, for instance,
higher layers of problem solvers in the firm increases the utilization rate of
knowledge, thus economizing on knowledge acquisition, at the cost of increas-
ing the communication required.
Administrative coordination costs (assigning tasks, allocating resources and

integrating outputs) and expertise coordination costs (managing knowledge
and skill dependencies for complex, nonroutine intellectual tasks) (see Faraj
and Sproull, 2000).
Contracts incompleteness (see Acemoglu, Antras and Helpman, 2005). The

basic idea here is that a firm decides a range of tasks to be performed and the di-

2External coordination costs correspond for instance to the costs of finding suppliers,
negotiating contracts and paying bills to them and such issues are outside the scope of
our model. External coordination costs are examined for instance in the transaction costs
literature or in the industrial organization literature.
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vision of labour among its workers. Coordination costs come from the fact that
only a fraction of the activities that workers have to realize are contractible, the
others are nonverifiable and noncontractible (and lead to under-investment).
To account for such a variety of coordination costs, we propose here a typol-

ogy that distinguishes two categories of internal coordination costs: horizontal
and vertical coordination costs.

• Horizontal coordination costs are the costs (at the firm level) of co-
ordinating the tasks realized by each production worker. They embed
switch costs between tasks, inter-tasks learning and information sharing
costs, but also the strain associated with versatility and stressful working
conditions. Such costs mainly concern production workers.

• Vertical coordination costs are the costs of coordinating workers, that
is the “costs of managers and others who decide when, where and how
to produce” (Brynjolfsson et al., 1994). Coordinating workers is a costly
activity which induces expenses in addition to the direct wage costs of
human resources managers and specialists. Vertical coordination costs
mainly concern workers employed in human resources services.

From an empirical perspective, an important and complex problem lies in
measuring the costs resulting from work organization and occupational con-
ditions and changes. Coordination costs may result in poor working condi-
tions, excessive and unmanageable pressures leading to absenteeism, sick pay,
turnover, injuries, compensation and litigation costs, damage to equipment and
production or reduced performance. Yet, the costs of coordinating activities
and workers are not limited to safety and health conditions in the workplace.
Precise empirical evidence on the extent of coordination costs is hard to find in
the economics literature (unlike psychology, sociology, management and com-
puter science where coordination costs are subject to a wider attention), with a
notable exception in the literature on transaction costs3 , but several estimates
may help evaluating the extent of horizontal and vertical coordination costs.
As regards horizontal coordination costs, task-switching induce behavioural

(neural or cognitive) switch costs. When people switch back and forth between
tasks, there are both mental and physical costs, due for instance to ‘inter-tasks
learning’. Such costs persist even when people know in advance the identity
of the new task and have ample time to prepare for the switch. Empirically,
task-switching costs are measured by psychologists and neuroscientists in terms
of response time and acuracy, that is slower response and lower percentage of

3For Wallis and North (1986) transactions costs can be decomposed into motivation costs
(agency costs and conflict of interests among managers, owners and debt holders as well as
costs of cheating and opportunistic behaviours) and coordination costs (costs of obtaining
information, coordinating input in production and measurement costs). Both marketed and
non-marketed transaction costs (e.g. resources spent in waiting, getting permits to do busi-
ness, cutting through red tapes etc.) are concerned. In developed economies, the transaction
sector would represent 60% of GNP and non-marketed transaction costs 11 3% of GDP per
capita (Wang, 2003).
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correct response4 . Recent evidence shows that the behavioural costs of task
switching may lead to around 3% of errors on average5 .

Overall, if we restrict our attention to an average error rate of 3% due to
switch costs, horizontal coordination costs might represent a minimal loss of
3% of firm output, which would be the least costly scenario.

As regards vertical coordination costs, there are financial losses evaluated in
terms of human resources management when tasks assignment becomes more
complex. More precisely, the time wasted by managers and directors in man-
aging errors in tasks coordination and underperformance has been documented
in a recent study by the Future Foundation. In 2004, US managers reported
a waste of 34 days per year and senior executives 7 weeks a year - an hour
per day - in managing employees underperformance. Overall, the reported
time spent redoing or correcting mistakes of others amounts to 21% in Hong
Kong, 16% in India, 13% in the US, 12% in Australia, 9% in the UK, 11%
in the Netherlands and 7% in Sweden6 (Future Foundation and SHL, 2004).
Financial losses due to vertical coordination costs may also include the loss
of wages or income and the additional expenditures (health care and medical
treatment) associated with failures of tasks coordination7 . More generally, the
annual (vertical) cost of coordinating employees poorly able to deal with the
tasks they face ranged from 0.6% of GDP in Sweden, 1.1% in Australia, 1.5%
in the UK and in the US, 1.8% in the Netherlands, 2.3% in India to 3% in
Hong Kong (Future Foundation and SHL, 2004).

In principle, vertical coordination may increase or decrease with the man-
agement ratio since a higher proportion of managers both facilitates e cient
coordination of workers and tasks but also raises bureaucratic management
costs. We shall therefore consider both scenarios (more e cient or more bu-
reaucratic vertical coordination costs).

Overall, if we restrict our attention to the time wasted managing under-
performers, vertical coordination costs might be approximated by a minimal
shortfall around 2% of firm output, which would correspond to the least costly
scenario.

4For Lien et al. (2006), when a typical response to a single stimulus takes 300 millisec-
onds, adding a second task increases the response to about 800 milliseconds. Extending the
di erence to a car driving 60 miles an hour, the response rate more than doubles.

5This figure is a gross average of percentage of errors observed in some recent experiments
in psychology. See e.g. Schneider and Logan (2005)

6This survey was conducted in 2004 over 700 managers across sectors over these 7 coun-
tries.

7 In the US, health care costs and individuals’ health insurance have been rising by ap-
proximately 50% over the past two decades and part of this rise could be imputed to orga-
nizational changes (Cartwright and Cooper, 1997). In the 2000 European working condition
survey, work-related stress was the second most common work-related health problem across
European economies. Stress results in greater sickness absenteeism, impaired performance
and productivity higher turnover rates and injuries. In the British industry for instance,
almost 40% of all absenteeism could be attributed to stress at the workplace at a cost of
£4 2 billion in 2000 (Hoel et al., 2001). Workers involved in innovative work organizational
practices in fact tend to be subject to greater psychological discomfort and to face more
mental strain than their non innovative counterparts (Askenazy et al., 2002).
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3.3 The model

The model proposed in this Chapter considers an economy in discrete time
(from 0 to ) with an active population of size 8 . The firm occupational
structure is composed of two types of jobs: human resources jobs (in frac-
tion of the workforce employed) and production jobs (in fraction 1 of
the workforce employed). Workers devote time to production (either in the
human resources service or in the production service) and to human capital
accumulation.

3.3.1 Technology and coordination costs

The economy is characterized by a representative firm that produces a ho-
mogeneous (numeraire) good according to the following technology:

= ·

Z

0

[(1 ) · · ( ) · ]1 0 1 (3.1)

where is a productivity parameter, is the volume of hours worked with
human capital , ( ) is the time devoted to task , is the number of tasks
performed per worker and is the fraction of the workforce in the personnel
(human resources) service.
The worker’s productive time is equal to , hence we also have the con-

straint: Z

0

( ) = (3.2)

Tasks are symmetric, i.e. ( ) = , and from (3 2) we then get:

=

and substituting this expression in (3 1) we obtain the production function:

= · [(1 ) · · · ]1 (3.3)

Producing the good implies two types of costs: production costs and coordi-
nation costs (a similar element can be found in Brynjolfsson et al., 1994). Since
production requires physical resources and knowledge about how to combine
them, production costs correspond to traditional costs of transforming inputs
into output (physical - productive - resources expenses) whereas coordination
costs correspond to the costs of combining and managing interactions and de-
pendencies between resources (tasks and/or workers). In our model, labour is

8Note that when labour is divisible measures either the number of workers for a fixed
working time, or the volume of hours worked when working time can vary (given a fixed
upper bound). Here we consider the second interpretation.
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the sole input, therefore production costs equal the total wage bill and coordi-
nation costs depend on the number of tasks realized per worker ( ) and on the
fraction of workers in the human resources service ( ).
The firm’s profits (given that output is the numeraire) then write:

= · [(1 ) · · · ]1 ( ) · · ·

where is the wage rate per e ciency unit of labour and ( ) represents
coordination costs measured as pure output loss.
The coordination costs function depends on horizontal and vertical coordi-

nation costs as follows9 :

( ) =
( ) · ( )

where ( ) denotes horizontal coordination costs and ( ) denotes vertical
coordination costs, while reflects the extent of coordination costs (a higher
reduces the importance or magnitude of coordination costs).
Horizontal coordination costs are the firm-level costs of coordinating the

tasks realized by each production worker. They embed switch costs between
tasks, inter-tasks learning and information sharing costs, but also the strain
associated with versatility and stressful working conditions. The higher the
number of tasks per worker, the higher the switch costs, the higher the inter-
tasks learning and information sharing costs and the higher the stress costs.
Since production workers are in fraction 1 , we assume that the costs of
coordinating tasks for each worker writes:

( ) = · (1 )

where 0 (we do not impose 6= ).
In other words, the costs of horizontal tasks coordination are based upon

the idea that allocating workers’ attention over various activities is likely to
raise the occurrence of mistakes on the job. This increasing risk of production
failure reduces the value of output and profits by an amount that depends both
on the number of tasks per capita and on the size of the production service
(1 ), given elasticities parameters and that will be discussed below.
Vertical coordination costs are the costs of coordinating workers. Consis-

tently with Section 3.2, they reflect the administrative cost of running a human
resources department in a firm. In our set-up, such a cost involves of course
a direct labour cost, which is already accounted for by the last term of the
profit expression given above, but also an extra-cost depending on the size of

9 In a di erent (hierarchical) context, Garicano and Rossi-Hansberg (2006) formalize the
cost of knowledge acquisition by workers as the cost of solving problems of a given di culty
level multiplied by the knowledge cost required to solve a given proportion of problems. Our
approach is very di erent since we focus on horizontal and vertical costs of coordinating
workers and tasks whereas Garicano and Rossi-Hansberg focus on the costs of knowledge
acquisition and problem-solving in knowledge hierarchies. However, they also assume a mul-
tiplicative interaction between both types of costs.
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the human resources department to be operated. To this end, we assume that
vertical coordination costs is a function of the share of workers in the human
resources service, that is:

( ) =

where can be positive or negative. In particular, when 0 (that will
be the case considered in the simulations) vertical coordination costs increase
with the increase in the share of workers in the human resources service (and
this corresponds to a more bureaucratic situation). On the other hand, when

0 coordination costs decrease with the increase in the proportion of human
resources employees in the economy (and this can be interpreted as a less
bureaucratic scenario).

The fact that vertical coordination costs are linked to the size of human
resources service and add to the wage bill can be related to the literature on
vertical integration. Indeed, since Williamson’s theory of transaction costs,
it is well known that a major limit to the growth of firms lies in the costs
of internal organization. As explained by Joskow (2003), the volume of au-
diting information that must be processed by management grows non-linearly
with the size and scope of the firm and becomes more di cult to use to con-
trol costs and quality e ectively and to adapt to changing market conditions.
Moreover, monitoring becomes also more di cult in large organizations and
there are therefore potential shirking problems resulting from low power inter-
nal compensation incentives. In sum, the decision whether or not to vertically
integrate comes from a tradeo between the costs of market-based arrange-
ments and the costs of internal organization described by the relatively inferior
adaptive properties of bureaucratic hierarchies to rapidly changing outside op-
portunities over the longer term and the di culty of designing compensation
mechanisms to give managers and employees appropriate incentives to control
costs and product quality10 . Here, we rely on this debate on the “make or buy”
decision by accounting for the fact that firms relying on large human resources
departments are characterized by specific management costs (bureaucratic and
incentives costs) labelled as vertical coordination costs.

We now make clear two working assumptions for the optimization problem
of the firm to make sense. We first need to ensure that the function ( ) is
increasing in and decreasing in . We need the latter condition on to have
an interior solution to the optimization problem tackled. Indeed, an increase
in decreases production labour, and therefore production. To balance this
negative impact on profits, we need the increase in lowers the coordination
costs. With analytical forms postulated, we need the decrease in horizontal
coordination costs due to an increment in more than compensates the induced

10However, as highlighted by Joskow (2003), this literature has focused much more on the
ine ciencies of market transactions than it has on the strengths and weaknesses of internal
organization. Our focus on vertical and horizontal coordination costs can therefore provide
an interesting complementary contribution to this debate.
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rising vertical coordination costs (when 0). This property will be put in
more formal terms in Proposition 12.

The convexity of the cost function can be easily investigated. We have the
following result:

Proposition 11 The cost function ( ) =
·(1 ) ·

is convex when
1, 1 and is small enough (either positive or negative).

P roof. The first-order partial derivatives of the cost function are given
by:

=
1 (1 )

= (1 ) 1 1 [ ( + ) ]

while the second-order partial derivatives are:

2

2 =
( 1) 2 (1 )

2

=
2

=
1

(1 )
1 1 [ ( + ) ]

2

2 = (1 )
2 2 [ ( 1) (1 ) ( 1)+

( + ) (1 ) 2 ( + ) ( 1)
¤

and the hessian matrix is:

=

2

2

2

2 2

2

and for the cost function to be convex this matrix must be positive definite,
i.e. we must have:

1 0 2 0

With reference to the first condition we have:

1 0
2

2 0
( 1) 2 (1 )

0 1

i.e. it is satisfied if 1, while with reference to the second condition we have:

2 0 det 0
2

2 ·
2

2

µ
2

¶2
0
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that is:

( 1) 2 (1 )
· (1 ) 2 2 [ ( 1) (1 ) +

( 1) ( + ) (1 ) 2 ( + ) ( 1)
¤
+

"
1

(1 )
1 1 [ ( + ) ]

#2
0

that leads to:

2 2 (1 )
2 2 2 2

2 [( 1) ( 1) (1 ) ( 1) ( 1)+

( 1) ( + ) (1 ) 2 ( 1) ( + ) ( 1) +
2 + 2 ( + ) +

¡
2 + 2 + 2

¢
2
¤

0

The fraction outside the square bracket is positive, while considering the ex-
pression inside the square bracket and letting tend to 0 (both in the case of
positive and in the case of negative) we get:

2 ( 1) ( 1) + 2 2 0

which holds when 1 and 1, and hence the cost function is convex under
the conditions of the proposition.
At this point the profit function writes:

= ·
£
(1 ) · · ·

¤1 · (1 ) ·
· · ·

where 0 and where denotes now the working time demanded by the
firm. In the decentralized economy the firm’s optimization program is then
given by:

max
£
(1 )

¤1 (1 )

The first-order conditions of this program are:

=
£
(1 )

¤1 1
1 (1 )

= 0

= (1 )
£
(1 )

¤
(1 ) = 0

= (1 )
£
(1 )

¤
+

h
(1 ) 1 (1 ) 1

i
0
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from which we obtain:

(1 )
1 ¡ ¢1

=
(1 )

(3.4)

(1 ) (1 )
1 ¡ ¢

= (3.5)

(1 ) (1 )
¡ ¢1

=
h
(1 )

1
(1 ) 1

i

(3.6)
The second-order conditions of the problem of the firm, that guarantee the

presence of a maximum, are checked in Appendix 3.7.1.
Equation (3 4) gives the optimality condition for the number of tasks by

equalizing the marginal productivity of a task (that is, the increase in output
due to an additional task) with the marginal cost of a task (that is, the marginal
increase in horizontal coordination costs). Similarly, the optimal demand for
productive time determined in equation (3 5) equalizes the marginal product
of productive time with its marginal remuneration.
Equation (3 6) is the most important condition of the firm’s block, as it

provides the optimality condition for the fraction of labour devoted to coordi-
nation tasks. The left-hand side clearly reflects the loss in production induced
by diverting workers from production. The right-hand side reflects the mar-
ginal impact of a larger share of human resources specialists on the costs of
internal coordination. By definition, this impact is twofold. On the one hand,
more workers in the human resources department implies less workers in pro-
duction, and less productive workers means a lower exposure by the firm to the
risk of productive mistakes, thereby a lower level of horizontal costs of tasks co-
ordination. On the other hand however, more workers in the human resources
department drives the vertical component of coordination costs in the opposite
direction by construction. More human resources specialists means indeed a
higher bureaucratic and incentives burden, thereby driving vertical coordina-
tion costs upward (in the case of 0). For condition (3 6) to make sense, it is
of course necessary to ensure that the right-hand side is positive at least locally,
which is done in Proposition 12. Note that this needed property amounts to
guarantee that the coordination costs function ( ) is a decreasing function
of , a point made before.

3.3.2 Household and human capital accumulation

The household in the economy has a utility function given by:

( ) =
1 1

1
0

where is consumption, and to simplify the analysis we then assume = 1,
that is:

( ) = ln (3.7)
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The household is then endowed with one unit of time supplied each period,
that is spent on working (the fraction ) or on human capital accumulation
(the fraction 1 ), and the accumulation of human capital is described by
the following equation:

+1 = · · (1 )1 0 1 (3.8)

where is an e ciency parameter.
The household’s intertemporal optimization program in the decentralized

economy is then given by11 :

max
{ +1 +1} =0

X

=0

ln

+1 = (1 + ) +

+1 = (1 )
1

where is the discount factor (with 0 1) and represents the assets
held at time .
The Lagrangian for this problem is:

L =
X

=0

©
ln + [(1 + ) + +1] +

+
h

(1 )1 +1

io

and the first-order conditions are given by:

L
= = 0

L
= (1 ) (1 ) = 0

L

+1
= +1

+1 (1 + +1) = 0

L

+1
= +1

+1 +1 +1 +
+1

+1 +1
1

+1

¡
1 +1

¢1
= 0

L
= [(1 + ) + +1] = 0

L
=

h
(1 )

1
+1

i
= 0

from which, rearranging and substituting, we get the following relevant equa-
tions:

1
=

+1
(1 + +1) (3.9)

11plus the standard transversality conditions.
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(1 ) (1 )
=

+1

¡
1 +1

¢

+1 (1 )
+

+1 +1

+1
(3.10)

+1 = (1 + ) + (3.11)

+1 = (1 )
1

(3.12)

Equation (3 9) is the typical Euler equation for optimal consumption over
time. Equation (3 10) is the optimality condition for human capital accumula-
tion after substitution of the Lagrange multipliers and using the first-order
conditions with respect to consumption and production time supply notably.
The left-hand side measures the marginal cost of human capital accumulation,
which is simply reflected in the wage forgone in period due to education.
The right-hand side is the sum of two marginal benefit terms: the increase in
the marginal productivity of education time in + 1 and the increasing labour
remuneration in the same period. Equations (3 11) and (3 12) are just the law
of evolution of consumer’s wealth and the education technology respectively.

3.3.3 Market equilibrium conditions

Together with the solution of the problem of the firm and of the household,
the stationary equilibrium of the decentralized economy is characterized also
by the market equilibrium condition:

= +
(1 )

from which:

[(1 ) ]
1

= +
(1 )

(3.13)

and by the labour market equilibrium condition:

= = (3.14)

We are now able to set the following definition of equilibrium for the econ-
omy under investigation:

Definition Given the initial condition 0, an equilibrium is a path:

{ } 0

that satisfies the equations (3.4)-(3.6) and (3.9)-(3.13) derived above and the
corresponding standard transversality conditions.
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3.4 Steady state and comparative statics of the

model

Given the decentralized economy considered in the previous Section, it is
now possible to obtain the steady state values of the di erent variables (for the
computations see Appendix 3.7.2), that are given by:

=
1

(3.15)

=
1

1 + 2
(3.16)

=
1

1
(1 )

1 + 2
(3.17)

=
( + + )

(3.18)

=

µ ¶ 1

1
(1 )( )

1

Ã
(1 ) (1 )

(1 + 2 )
2

! 1

(3.19)

· ( ( + ) )
1

( ) ( ( + + ) )
1

= (1 )

µ ¶
(1 )

(1 )( )
(1 )

Ã
(1 ) (1 )

(1 + 2 )2

! (1 )

(3.20)

· ( ( + ) )
( + )

( ) ( ( + + ) )
( + + )

=

µ ¶
(1 )

(1 )( )
(1 )

Ã
(1 ) (1 )

(1 + 2 )
2

! (1 )

(3.21)

· ( ( + ) )
( + )

( ) ( ( + + ) )
( + + )

=
1

µ
1 +

¶µ ¶
(1 )

(1 )( )
(1 )

(3.22)
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The following result can then be stated:

Proposition 12 Provided the following restrictions on the parameters hold:

1 +

2
and

+
if 0

+
if 0

there exists a unique steady state of the model with 0 1 and 0 1
where the values of the di erent variables are given by the expressions (3.15)-
(3.22).

P roof. The steady state values of the variables are obtained in Appendix
3.7.2. Concerning the restrictions on the parameters, given the expression
obtained for :

=
1

1 + 2

the fact that 0 1 implies 0 1
1+ 2 1, and since the numerator

is positive (because 0 1 and 0 1) we must have (for the first
inequality to hold):

1 + 2 0
1 +

2

while the second inequality is always verified (being 1). Given the expres-
sion obtained for :

=
( + + )

then, the fact that 0 1 implies 0 ( + + ) 1. At this point it

is necessary to distinguish the case 0 and the case 0. If 0 the
restriction 0 1 requires:

( + + ) 0
+ +

and also:

( + + )
+

Since we also have (because the latter must be larger than 1 for the cost
function to be convex), this implies the following restrictions:

+

If 0, on the other hand, the restriction 0 1 requires:

( + + ) 0
+ +
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and also (since both the numerator and the denominator of the fraction that
defines are negative numbers, so that the sign of the inequality must be
reversed):

( + + )
+

so that we have the following restrictions:

+

that guarantee that in the steady state the values of are all positive.

The steady state values obtained above can then be used for the comparative
statics analysis of the decentralized equilibrium. The results (see computations
in Appendix 3.7.3) are summarized in Table 3 4 (for the missing elements,
it is not possible to derive analytically the sign of the relationship between
the variable and the parameter that a ects it, and it is necessary to resort to
simulations to have this indication):

Table 3.4: Comparative statics of the model

0 0 0
+ 0

0 + + 0
0 0 0 +
0 0 0
0 0 0 +
0 0 0 0 + + + +
0 0 + 0 + + +
0 0 0 0 + +
0 0 0 0 + + + +

These results can be interpreted as follows (they are relative to the case
0, while in the case of 0 the only changes concern the elements of the

column of , that change all their sign).
The interest rate depends negatively on the discount factor ( ), and the same
factor (that represents also the degree of impatience) has a negative impact
on the time spent working and a positive impact on human capital . A
higher productivity of human capital (through the elasticity parameter ) has a
positive influence on the time spent working and (either through the e ciency
parameter or through the elasticity parameter - in this latter case if is
high enough -) on human capital . In other words, when households are less
impatient or when human capital is more productive, the level of human capital
improves.
The fraction of the workforce in the human resources service depends pos-
itively on the weight (elasticity) of tasks in horizontal coordination costs ( )
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and on the weight of human resources in vertical coordination costs ( ) and it
depends negatively on the weight of production workers in horizontal coordi-
nation costs ( ) and on the weight of tasks in total output ( ). In other words,
more workers are allocated to human resources management when coordination
costs are more resources intensive or consuming, or when the production fail-
ure risk (due to switch costs between tasks) is higher. On the contrary, more
workers are allocated to production activities when task specialization is more
productive or when bureaucratic coordination is more costly.

The intensity of multi-tasking (the number of tasks per individual) as well
as the level of consumption increase with the e ciency of human capital ,
the size of the workforce and the technological e ciency of production ;
and they decrease with the extent of coordination costs (recall that a higher
means a lower importance of coordination costs).

The wage rate decreases with the e ciency of human capital , the size of
the workforce and the extent of coordination costs, and increases with the
technological e ciency of production .

The level of assets decreases with the size of the workforce and the extent
of coordination costs and increases with the e ciency of human capital and
the technological e ciency of production .

3.5 Short term dynamics of the model

The model considered can then be simulated in order to study the e ects
of di erent types of technological shocks that can hit the economy. Hereafter
we present some representative simulation experiments on a calibrated model.
Since the model is in many aspects highly stylized (no physical capital for
example), calibrating it on a real economy is a daunting task. Below we con-
sider a benchmark calibration and the corresponding short term dynamics. The
equilibrium paths generated by this calibration have been checked to be qualita-
tively robust to numerous parameters’ changes. While the quantitative results
displayed below are only indicative and should not be taken too seriously, the
qualitative dynamics are found to be strongly robust.

3.5.1 Calibration

As usual, the simulation of the model requires a calibration, and the values
chosen for the di erent parameters are reported in Table 3 5. In particular,
on the one hand these parameters are such that they satisfy the restrictions
obtained above (in order to have convexity of the cost function and existence
of the steady state). On the other hand, the same parameters allow to obtain
steady state values of some relevant quantities that are reasonable on the basis
on the empirical evidence that is available. For instance, with this parameteri-
zation in the steady state the fraction of time devoted to production is slightly
more than 0 5, the ratio consumption/output is close to 0 95 and the fraction of
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the workforce in the human resources services is close to 0 15 (this is consistent
with the numbers for UK and US in recent years, see Table 3 3).

Table 3.5: Relevant moments of the steady state

and values of the parameters, benchmark case

Moments of the steady state Parameter values

Fraction of time devoted to production 0 5 = 0 65 = 1 2 = 1
Consumption/output ratio 0 95 = 0 99 = 0 7 = 2
Fraction of workforce in human resources 0 15 = 0 9 = 0 01 = 1

= 0 5

It is important to observe that this calibration considers a value of the
parameter positive and small, that corresponds to a “high bureaucratic”
scenario, in which both coordination costs and fraction of the workforce in the
human resources services are quite high. Considering a value of negative
would correspond to a “less bureaucratic” situation, in which coordination
costs decrease as the proportion of human resources employees increases in the
economy, but in any case the qualitative results would not be altered, and there
would be no major di erence in terms of organizational change.

3.5.2 Simulation

Starting from the values chosen, di erent types of shocks are considered,
and the consequences on the economy are analysed. In particular, it is possible
to consider a shock on the productivity of output , a shock on the e ciency of
human capital and a shock on the coordination costs through the parameter
. All these shocks are permanent.

The first situation considered is an increase in (the productivity of out-
put). From the analytical results derived previously we know that this increase
has a long run e ect on the number of tasks performed per worker and on
output (that both increase). The simulation allows studying the behaviour of
all quantities also in the short run (Figures 3 1 3 4).

In particular, the simulations show that the number of tasks per worker
increases also in the short run, immediately after the increase in , and remains
at this level in the long run. The output level behaves in the same way, since it
increases immediately after the increase in , and then remains at this value in
the long run. Also the fraction of the workforce in the human resources service
increases immediately after the increase in , but then it returns to its initial

level, since the long run value of this variable is not a ected by . The same
holds for the level of human capital, that is characterized by an increase (of
small amount) followed by a decrease, and for the allocation of time between
production and human capital accumulation (with an initial increase of the
time devoted to productive activity immediately after the shock on , that in
the end returns to its initial level).
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If we consider an increase in the parameter that characterizes the extent
of coordination costs (a rise in reduces the importance of coordination costs),
we get the same results as for the increase in .

More precisely, the increase in increases the intensity of multi-tasking and
the output level immediately after the shock, and this e ect persists also in the
long run. The fraction of the workforce in the human resources service, the
level of human capital and the allocation of time in favour of production, on
the other hand, increase immediately after the shock on , but then return
to their initial levels since this shock does not a ect their long run values.
Intuitively, an increase in corresponds to a reduction in coordination costs
and represents therefore the same kind of qualitative productivity shock as a
rise in the technological parameter .

The last situation analysed is an increase in the e ciency of human capital
. In this case, we have shown analytically that a rise in has a long run

e ect on the number of tasks performed per worker, on the level of output and
on the level of human capital (that all increase).

In the short run (Figures 3 5 3 8), the timing of the e ects of the shock on
the di erent variables is di erent from the previous cases. In fact, the number
of tasks per worker gradually increases after the rise in and reaches, in the
long run, a level higher than the initial one (while in the other cases examined
there is immediately the jump in the variable, that then remains at the new
value). Following the rise in , output also increases gradually reaching the
new long run level, and the same happens for the level of human capital. On
the contrary, the fraction of the workforce in the human resources service and
the allocation of time in favour of productive activity initially increase but then
return to their initial levels, since their long run values are not a ected by the
shock on .

It is important to observe that the results of these simulations (in particular,
as outlined above, from the qualitative point of view) are consistent with the
available data, concerning for instance the intensity of multi-tasking and other
flexible organizational forms, and the behaviour of the workforce employed in
the human resources service (see Tables 3 2 and 3 3) following the ICT revolu-
tion of the 90s. This fraction of the workforce has increased in major economies
and started to decrease in the early 2000s. This is the kind of behaviour that
also emerges from the simulation exercises of the present model, which there-
fore behaves extremely well in replicating the organizational features of the
ICT revolution. Interestingly enough, our model predicts a transitory increase
in the size of the human resources department in response to all the performed
permanent technological shocks, which certainly needs to be corroborated on
updated data.



3.5. Short term dynamics of the model 105



106 Chapter 3. Technological Progress and Organizational Change

3.6 Conclusion

This Chapter has developed a model to analyse the intensity of multi-
tasking under various exogenous technological accelerations. The model has
two original characteristics: it includes endogenous coordination costs, and it
introduces the size of the human resources department as a key variable for
the firms to control their coordination costs. In our modelling, and building
on recent economic and management literature, we distinguish between verti-
cal and horizontal coordination costs, which proves crucial in the equilibrium
properties of the model. The model also includes endogenous human capital
accumulation, and therefore brings together enough ingredients to study some
highly relevant stylized facts identified in the introduction section in OECD
data. Although technological progress is exogenous in our set-up, and no tech-
nology adoption decision is to be taken, we believe that the model o ers a
useful shortcut to analyse the consequences of technological accelerations on
workplace organization. The fact that all performed numerical simulations cor-
roborate the ability of the model to replicate the observed stylized facts is a
good indication of that.

Two extensions are currently in our agenda. One concerns the incorpora-
tion of an explicit technology adoption decision where the firms have to decide
whether they should buy a more e cient technology also involving costly or-
ganizational restructuring. This sensitive issue is left in the dark in our frame-
work. A second issue concerns a component of coordination costs not treated
here, but already explicitly mentioned in the Introduction, that is the nega-
tive impact of flexible organizational forms (like multi-tasking) on the health
of workers by inducing more stress, pressure and so on, as documented for ex-
ample by Askenazy et al. (2002). We are currently studying the normative
implications of such a situation (Boucekkine et al., 2008).

3.7 Appendix

3.7.1 Second-order conditions at the steady state in the

decentralized economy

To check, at the steady state, the second-order conditions of the problem
of the firm that guarantee the presence of a maximum it is possible to observe
that we have (at the steady state):
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and in order to have a maximum for the problem of the firm the sequence of
the signs of the north-west principal minors of this matrix must be:

1 0 2 0 3 0

With reference to this aspect we have:
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that leads to:

(1 ) ( 1) (1 )
1 +

( )
1 ¡ ¢ 1 + 2 0

that is always true (since 1). We finally have:

3 0 det 0

that can be checked during the simulations (because it is not possible to obtain
an analytic solution for this inequality). In this case the second-order conditions
of the problem of the firm are satisfied and the value found is e ectively a
maximum.

3.7.2 Steady state in the decentralized economy

The steady state of the decentralized economy is obtained considering all
the quantities constant in the first-order conditions of the problem of the firm
and of the household and in the market equilibrium conditions, that is:

¡ ¢1
(1 )

1
= (1 ) (3.23)

(1 )
¡ ¢

(1 )1 = (3.24)

(1 )
¡ ¢1

(1 )1 = (1 )

·
(1 )

¸
(3.25)

1
= (1 + ) (3.26)

(1 ) (1 )
=

(1 )

1
+ (3.27)

= + (3.28)

= (1 )1 (3.29)

( )
1

(1 )
1

= +
(1 )

(3.30)

= = (3.31)

From these equations it is possible to get the steady state values of the di erent
variables. In particular, from (3 26) we have:

(1 + ) = 1 1 + =
1

=
1
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Using from now on (3 31), so that we only write , from (3 27) and (3 29) we
obtain:
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From (3 29) (using the expression just found for ) we then get:
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From (3 23) and (3 25) we then have:

1
=

1
·

(1 )
¸

1
=

+ 1
= ( + )

µ
+

1
¶

=
+ +

=

=
( + + )

From (3 23) (using the expressions found above for the di erent variables) we
obtain:
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From (3 24) we then have:
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From (3 30) we have:
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Finally from (3 28) we obtain:
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3.7.3 Comparative statics in the decentralized economy

The comparative statics of the model in the decentralized economy can be
obtained from equations (3 15) (3 22). In particular, from (3 15) we have:

=
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and also:
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=
1

1

1
1 1 (1 )

1 + 2
= 1

1 + 2

and also:

=
1

1
(1 ) (1 + 2 ) (1 ) (1 2 )

(1 + 2 )2
=

=
1

1
1 + 2 + 2 2 + 2 + 2 2

(1 + 2 )
2 =

=
1

1
1

(1 + 2 )2

and then:

=
1

1
(1 + 2 ) + 2 2 (1 )

(1 + 2 )2
+

(1 )

1 + 2

1
1

1

(1 )2
log =

=
1

1

2 + 2 2 + 2 2 2 2

(1 + 2 )2
+

1
1

(1 ) (1 + 2 )
log =

=
1

1

2

(1 + 2 )
2 +

1
1

(1 ) (1 + 2 )
log =

=

1
1

1 + 2

·
( 1)

1 + 2
+
1

log

¸

From (3 18) we have:
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and finally:
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From (3 20) we get:
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