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2                                                                                                                                         Chapter 1

1. Introduction

The increase in material well-being experienced in the last two centuries has been
tremendous. Formosterasone can point at some major technological breakthroughs that
were driving forces of growth. It is likely that the invention of the steam engine,
electricity, and the internal combustion engine have been very important for growth.  It
seems that growth was relatively rapid in some periods, related to major technological
breakthroughs, whereas it was slow in others. The dominant technology in our era,
information and communication technology, does not seem to driveproductivity growth
to new heights. Inequality, however, seems to be higher than it has been for decades.
This thesis is concerned with factors determining the size of the economic cake as well
as the division of the cake.

The first question this thesis deals with is: how do we grow? Do we grow by
doing or using more of the same? Or, by doing the same more efficiently? Doing more
of the same is inevitably bounded by the limits to the available resources. Increasing

production by increasing the number of farmers and acres of production areal is
inevitably limited bythe availability of fertile land. Analogously, usingmore of the same
- that is, giving a factory worker more and more machines to work with - ultimately
runs into diminishing returns. It is, however, hard to imagine a natural limit on doing
the same more efficiently. Putting more and more ideas and knowledge in the machine
that the factory worker works with is not likely to run into diminishing returns that are
so prevalent elsewhere in economic life.

Whatthese simple observations actually tellis a little history of economic science:
from Ricardo's diminishing returns in agriculture, to Solow's production possibilities
with constant returns to flexible combinations of capital and labour, onto the
endogenous growth theories with constant returns to a (single) reproducible factor like
knowledge. Solow's (1956) contribution - which initiated an earlier round of intense
theorising in the field of economic growtW - disentangled output growth in growth of
production factors and a residual. That is, separating'more of the same' from'the same
more efficiently'. The latter, now known as Solow's residual, is identified with an
outward shift of the production possibilities curve, which is defined as technological

progress. Solow (1957) showed that 'his' residual was a very important factor in
explaininglong-run growth. In Solow's model, however, technological progress istaken
as an exogenous constant. Given the fact that the unexplained part is so important and

1 An impression of the excitement growth theory evoked in the 505 and 60s is found in the
contributions of Stiglitz and Sheshinsky in Diamond (1990).
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that the sophistication of the production processes differ substantially across firms and
countries, Solow's framework is not particularly comprehensive.

The observation that total factor productivity is not equal everywhere and that
there is no clear tendency towards convergence motivated a whole new round of work
on growth theory. Solow's residual is endogenised by Romer's (1986) seminal
contribution. Endogenous growth theory attempts toexplain the factor that Solow (195D
had shown to be important: technological progress:

This thesis deals with growth driven by technological change. The first concern of this
thesis is why technology differs within and across countries. To that aim, technological

change and growth will be analysed inits two appearances. First technological progress
manifests it selves as an incremental process. The incremental process of productivity
growth will be analysed from the angle that technology and knowledge are to a large
extent specific. That is, knowledge and ideas are not available to everybody, but are
specific to firms. Taking this perspective on technology, the tension between specificity
of knowledge and knowledge spillovers comes to the fore immediately. Second,
technological progress manifests itself in major technological breakthroughs, so-called
General Purpose Technologies (GFTs). Studying the unevenly arriving GFTs adds
additionalinsight, astheinduced majoradjustments have consequences forboth growth
and income distribution.

Though growth is telling the story on increasing income levels, the distribution
of the gains is of great importance too. Samuelson (1964, p. 7733) argues that: "With the
advance of technology and the piling up of a larger stock of capital goods, it would take
a veritable miracle of the devil to keep real wages of men from being bid ever higher
with eachpassing decade." Despite the fact that Samuelson did not distinguish between

high- and low-skilled workers, hisstatement emphasises how remarkable the experience
of low-educated workers hasbeen; they faced decliningreal wages during two decades.4

2 This statement of what endogenous growth theory is about implies almost directly that we focus on
technology-based growth models. A less caricatural account of endogenous growth theory is that it tries
to overcome the flaws of the neo-classical growth model (which is more than the exogeniety of
technological progress). Scott (1989) provides an overview of problems the neo-classical model is unable
to explain. A comprehensive overview of alllines followed in'endogenous growth theory' is for example
found in Van de Klundert and Smulders (1992) or Barro and Sala-i-Martin (1995). Endogenous growth
theory accomplished to provide micro-foundations for R&D decisions and put imperfectly competitive
marketstructures in the centre of the analysis (made necessary by theacknowledgementthat developing,
imitating. or implementing technology is costly).

3 Cited via Murphy et al. (1998).

4 This claim, relevant for the US, will be justified extensively in the next chapter.



4                                                                                                                                         Chapter 1

To what "devil's miracle" can this observation be ascribed? This is the second concern
of this thesis.

The remainderof this chapterdoes three things. First the'specificity' perspective
on growth and knowledge, that shows up recurrently in the thesis, is defined more
precisely and the choice for this perspective is motivated. Moreover, as in most chapters
the emphasis lies on the application of models to specific (empirical) questions, we will
emphasise here the differences between the models developed and their contribution to
the theory of growth more general. The second part of the chapter discusses two
empirical puzzles that will be reappearing in several chapters. Third, a chapter-oriented
reading guide is provided at the end of this chapter.

2. Spillovers and technological specificity in endogenous growth

2.1 Why does productivity differ?
A major concern motivating the research reported on in this thesis is the question why
technology differs within and across countries. Here we explore which answers
endogenous growth theory gives to this question. To be clear, the aimof the next section
is not to review the complete literature, nor to say the last word on which explanation
for international productivity differences is the most plausible. The plausibility of the
answers willbe discussed to motivate the perspective on growthand knowledgeapplied
in the remainder of the thesis. In sortingout what is plausible we evaluate explanations
on whether they do not contradict the following facts. (1) Knowledge spillovers occur,
butareincompleteorimperfect Gaffe, Trajtenbergand Henderson,1993). (2) Knowledge
spillovers are not mechanically nor automatically ( see Eaton and Kortum, 1996, Cohen
and I.evinthal, 1989, and Benhabiband Spiegel, 1994). (3)Factor endowments, likeskilled
and unskilled labour, do not differ tremendously in relative terms between OECD
countries. (4) Implementation costs outweigh invention costs by a factor 20 to 30 (see,
Jovanovic, 1997). (5) Finally, growth rates that increase on a one to one basis with the
number of people in the economy (a so-called scale effect) are implausible.

12 Some answers

Every answer given to the question on differences in technology applied across countries
essentially has to negate the extreme (version of the neo-classical) perspective that
technology is freely and equally available everywhere. Hence the answer must be some
variation of: "technology is not freely available or not costlessly and equally efficiently
implementable everywhere." This answer implies that one single technology concept is
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insufficient to deal with the question. Hence, before specifying the answers further we
need to spend some time on language.5

Knowledge concepts
We distinguish two levels: knowledge used in the production of goods and knowledge
used in the production of knowledge. The first, which is actually implemented
technology, or total factor productivity (further, TFP) is a well-defined concept. It is,
however, fruitful to formulate it in the terms used throughout this thesis: it is the
efficiency with which to work with blueprints (or patents) and concepts that have been
developed (in the remainder we also refer to this productivity factor as productive
knowledge).6 Inprinciple productive knowledge isnon-rival, butitcanbe excludable' due

to patents or secrecy, or it can simply be valueless for others.
That productive knowledge (TFP) differs across agents can be due to differences

in information that a specific agent has available for implementation in production and
due to differences in inputs available for R&D. This information set is defined as useable

or available knowledge. It includes: the agent's tacit knowledge and experience, the laws
of physics, andideas and techniquesdeveloped byothers, knownto theagent whichcan
be used in the development of new knowledge. Useable knowledge is non-rival and
usually assumed to be non-excludable. In Solow's model all knowledge is non-
excludable. In, for example, Romer (1990) and Grossman and Helpman (1991) useable

knowledge for R&D is non-excludable. Here, we argue that the knowledge base for R&D
is also excludable (to some extent). Hence, we will argue that this knowledge stock can

be specific too, for example due to secrecy. Therefore, effort is required to obtain useable
knowledge:

The sum of all information (all there is in storage devices and in people's minds
but not necessarily available fora specific agent) is simply referred to as knowledge. Figure
1 illustrates this classification where productive knowledge is a subset of useable

knowledge.

5 Discussions about knowledge are numerous (see, for example, Mokyr, 1998); a certain arbitrariness
in defining concepts is hardly avoidable.

6 Jovanovic (199D defines "the knowledge of how to work the blueprints" (p.318) as human capital.
This terminology is not followed as human capital implies embodiment in persons (a restriction that is
too narrow for the approach followed in this thesis) and is easily confused with skilled workers, see also
note 17. A discussion along the lines set out by Jovanovic is provided in Nahuis and Van de Ven (1999).

'
Excludability, excluding others from using the productive knowledge, governs appropriation of the

returns to R&D investment which is essential for the incentives facing profit-maximising firms.

8 For evidence, see Adams (2000).
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Knowledge specificity ortechnologicalspecificity follows from the fact that many
ideas are notcodified, weakly defined, and not directly applicable in otherenvironments
(for an elaboration see Dosi, 1988 and Smulders, 1994). Specificity is an important
concept in thinking about knowledge, growth and development. Moreover, useable

knowledge in non-specific in'benchmark' growth models (Romer, 1990, and Grossman

and Helpman, 1991). For these reasons an explicit definition might be helpful:
knowledgeisspecific if itdiffers'substantially' invalue orusefulness betweenotherwise

seemingly similar environments:

TFP

Productive knowledge

\

Useable
Knowledge

Knowledge

Figure 1. Knowledge concepts

On productivity differences
Now we are fully equipped to analyse explanations for productivity differences. The
explanation this thesis is going to explore in detail is easily expressed in the terms
introduced above. To explain productivity differences we assume that knowledge that

9 This definition is slightly but importantly different from the definition provided by Caballero and
Hammour (1998, p.724): "An asset is specific to a relationship to the extent that its value is greater within
the relationship than outside." The important difference is that Caballero and Hammour stress the
specificity of an asset in a relationship. Quasi-rents generated by a relation-specific asset are, once the
investment is made, subject to "holdup" problems leading to suboptimal investment. We stress that
knowledge is specific to a certain firm, but ignore the"holdup problem" that might potentially arise. In
the firm-specific knowledge models discussed in this thesis, the ownership structure is implicitly defined
as shareholders owning the specific knowledge. Probably, however, managers and researchers make a
difference in the value of firm-specific knowledge; a difference they could exploit by means of extracting
rents from the shareholders. Ignoring this aspect is similar to the assumption that contracts are complete
and enforceable.
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is developed within a certain environment is not useful in other environments, hence

knowledge is specific to the environment that developed the knowledge. We focus on
firms as agents who create new knowledge. Firm-specific knowledge implies that the
developmentof productive knowledge yields mostly useableknowledge forthe firmitself.
The approach thus emphasizes the cumulative nature of the research process. This is not

to say that spillovers are absent - innovation generally creates more general concepts
useful to other firms that arenot keptsecretperfectly -but to emphasize that knowledge
is to a large extent tacit. So, differences in productivity across and within countries are

explained by different histories of firms. Hence, the observation that different countries
are productivity leaders in different industries (and may lose productivity leadership
over time) is explained by the tension between specific knowledge accumulation and

knowledge spillovers. This explanation, whichis a variation of the localized-technology
approach,10 is referred to in the remainder as the specific-knowledge approach.

A related explanation for which the evidence is favourable is the idea that

knowledge does not easily cross borders; that is, the useable knowledge stock for R&D is
limited to domestically developed knowledge. This explains why productivity differs
across countries (Grossman and Helpman, 1991, see also Chapter 9). Knowledge
spillovers do occur but are generally incomplete, and hence explanations based on
differences in useable knowledge are plausible. To account for the differences observed by
arguing that spillovers are incomplete is one thing, but an explanation for the
incompleteness is another. We do this by applying the specific-knowledge perspective.

Different societies have different attitudes to "the new," as argued by Mokyr
(1990). Technologicalchangeisintroducingand testingnovelties. Therefore, technologies
might differ simply because the implementation of best practice productive knowledge
is outruled by law. Think, for example, of the opposition to genetic engineering. This

perspective does not rely on lack of knowledge flows or differences in useable knowledge,
nor is it implausible for the OECD countries (for evidence, see Baily and Gerschbach,

to This approach is based on the idea that the technology is available but useless with the given
production technique. That is, a lack of complementary assets leads to low productivity. This perspective
explains why a seemingly better technology may actually notbesuperior inspecificcircumstances. So the
argument is: productive anduseable knowledgemight be available butis valueless given thedomestic or local
endowments. Localized learning (Atkinson and Stiglitz, 1969, Stiglitz, 1987 and Antonelli, 1995), or
appropriate technology, as Basu and Weil (1996) call it is formalised as learning by doing or innovation
that does not shift the total isoquant inward, but only the partthat is actually used (hence where the initial
technology choice was optimal given the factor prices). The important difference between the localized-
technology perspective and the specific-knowledge perspective is that the former depends on differences
in endowment whereas the latter depends on differences in history and lack of spillovers.
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1995). In Chapter 5, we explore why some technologies (like GFI's) are more likely to
meet resistance than others.11

An explanation that we do not emphasise is that productivity differences across
countries are due to differences in the quality of labour (Lucas, 1988). With mobile
physical capital, a capital flow from capjtal-abundant countries to countries with low
capital-labour ratios (poor countries) would tend to equalize income. However, Lucas

argues that labour quality in LDCs is so low that marginal products ofcapital are already
equalized at the prevailing capital-labour ratios. The argument goesas follows: there are
differences in productive knowledge (productivity) that endure, as productive
knowledge is tied to immobile people. We do not embrace this perspective, as
differences in education between members of the OECD are not very large.

13 Knowledge specificity and spillovers: models of endogenous growth
In this thesis, we construct models where firms do in-house R&D to improve their
product which they sell on a monopolistically competitive market (see Smulders and
Van de Klundert 1995, Peretto, 1996). The models developed focus on different aspects
of the specificity and excludability of the useable knowledge stock for R&D. Knowledge
spillovers are convincingly found; see Chapter 9 and the references there. In all models

employed in theremainder of this thesis, spillovers play animportantrole. Two different
perspectives are taken. First Chapters 6 and 8 assume that stocks of useable knowledge

accumulated by firms' research overlap (the shaded part in Figure 2). That is, the stock
of accumulated knowledge of one firm spills over to another firm and thus increases that
firm's stock of useable knowledge. Hence, developed knowledge is only specific to a
limited extent. Figure 2 provides a schematic representation of two firms' knowledge
stocks and research activities.

1' See also Holmes and Schmitz (1994).
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TFP, TFP                 

Productive knowledge,
 

Productive knowledge,       9
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Research, ( Research, \

-S
Useable AAN Useable     
Knowledge,   J  Knowledge,rxx,

Knowledge

Figure 2. Scheme of the models in Chapters 6 and 8

Second, Chapters 3, (4) and 7 explicitly recognize that knowledge useable for research

is specific to some extent. The consequence is that expanding the knowledge base for

research (useable knowledge), by assimilatingor adopting ideas, is a costly activity too (see
Rustichini and Schmitz, 1991, for an early contribution recognizing this second

dimension of R&D). Figure 3 shows the two activities of a single firm. Note that research

generates spillovers to the knowledge stock that can be assimilated by other firms.

TFP

Productive knowledge

Assimilation
Research imitation

'1

Useable
Knowledge

Knowledge

Figure 3. Scheme of the models in Chapters 3,4 and 7
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Although this thesis does not literally apply an adoption model - except for Chapter 5
- an adoption interpretation stresses the duplicationary character of the R&D process.
That is, ideas and spillovers are to be implemented and adjusted to specific
circumstances in every firm, building on its own experience.12 A set-up where each firm
has to invent and/or implement ideas is not vulnerable to the scale-effect critique. Scale
is the number of agents (with their endowments) in the economy Govanovic, 199D. The
scale-effect critique is the fact that the growth rates increase in the seminal growth
models as the scale of the economy increases. The prediction is, in some forms, at odds
with the data Oones, 1995a).13 The growth rates in models constructed in this thesis

increase only if the number of skilled workers per firm increases. 14

The perspective on growth set forth above not only serves the goal of shedding light on
the complex process that technological change is; it also provides a different perspective                              
on some empirical puzzles. A discussion of the empirical puzzles, and the contribution
of (the perspective of) this thesis in solving them, is a task to which we turn in the next
section.

3. Empirical puzzles: what does the specificity perspective add?

Two empirical puzzles show up recurrently inthis thesis. First it is well documented but
ill understood that the structure of wages has changed dramatically in recent years.
Second, a seemingly revolutionary development in information and communication
technology has not paid off in terms of higher growth rates.15 In this section, we will

12 Jovanovic (199D argues that research spending for adoption outweighs spending for innovation by
a factor 20 to 30. Chapter 8 analyses welfare in a model that has - to start with - purely rival knowledge
and hence focuses on the costly duplicationary aspects of innovation.

73 Adoption costs Uovanovic, 1994 and duplication of research (Young, 1998) arenotexactly one and
the same thing Govanovic is elaborate on this). Alternatively, the scale critique can be circumvented by
assuming that the cost of research increases relative to production (see Jones, 1995b and Chapter 6).
Evidence, however, that the scale effect prediction is consistent with the very long-term data (from 1
million B.C. to now) is provided by Kremer (1993).

14 This sets the stage for a discussion on free entry and exit of firms. This discussion is postponed till
Chapter 8 as in all other chapters the number of firms is fixed; an assumption that fits naturally with the
specificity of knowledge (see De Groot 1998 for an extensive discussion). For an elaboration on entry, see
Peretto and Smulders (1998).

15 With respect to both issues, time is changing the perspective. At the finalizing stage of this thesis
there seems to some extent consensus that wage inequality is largely a 'technological phenomenon'



Knowledge and Economic Growth: General Introduction and Outline                                                  11

discuss the facts behind the puzzles, the explanations offered in the literature, and the

position taken in the different chapters of this thesis.

3.1 The wage-inequality puzzle
The structure of wages in the US and UK changed remarkably in the 70s and 80s.16 Three

facts stand out. First the education-wage premium decreased in the 70s and increased

in the 80s. Second, the return to experience in the labour market increased in the 80s.

Third, residual wage inequality - the variation in wages left after accounting for
observable characteristics - increased in the 70s and 80s.

Both the first and the second observation say that the premium for 'skills'
increased. In the theoretical chapters to follow, the discussion does not distinguish
between skill obtained through formal education or through experience.17 Indicative for
the development of the skill premium is the wage difference between non-production

(skilled) and production (unskilled) workers. Table 1 shows that the non-

production/production wage differential in the US and UK declined or was stable from

the early 70s to the early 80s and increased thereafter. The relative supply of skilled
workers increased throughout that period.

(Chapter 5 explains the'technological phenomenon'). With respect to the second issue: the US economy
did surprisingly well in the late 90s, giving rise to a debate on the so-called 'new economy'. It remains,
however, true that the productivity growth in the computer-using industries remains relatively

disappointing; see Table 2.

16 Especially the increase in wage inequality in the 805 gota lot of attention. For references, see Chapter
2.

17 In our perspective, skilled workers have training that causes them to have a comparative advantage
in R&D and technology implementation like in Romer (1990). Skilled workers should not be confused
with human capital (at least as it is used, for example, in Jones, 1996).
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Table 1. Labour market data and R&D intensitf
1973 1977 1981 1985 1989

Non-production/production wage differentials

US 1.553 1.531 1.532 1.559 1.632

UK 1.316 1.292 1.340 1.366 1.470

Germany
Relative supply of college-educated workersb

US 10.8 16.6 21.5

UK 8.0 110 18.3

Germany 6.0 7.4 9.4

R&D intensity (% of value added)

US 6.3 6.2 77 9.7 8.7

UK 4.3 4.6 6.4 6.2            6

Germany 3.2 3.7 4.3 5.2 5.5' Unless indicated differently: for source see Machin and Van Reenen (1998).
b Actual years: 1970, 1980, 1989. Percentage of the population. For details see Source. Source: OECD
Employment Outlook, 1993.

The question that arises then is: why was the skill premium stable or declining in the 70s
while it increased in the8Os despite a continuing increase in the relative supply of skilled
workers in both periods? The latter part of this question gets most attention in the
remainder of the thesis: why did the skill premium increase in the 8Os? No attempt is
made to explain the fact that the skill premium did not dramatically fall throughout the
20* century despite the continuing increase in the relative supply of skilled workers. 18

Hence, the steady increase in demand for skill that has to be going on is of no concern to
us.19 Therefore, read in the remainder "an acceleration in the increase of relative demand
for skill" when the brief "increase in demand for skill" is used. Figure 4 illustrates this
point (it is a stylized representation of Fig 11.5 in Murphy et al., 1998). The vertical axis
indicates the deviationfrom a constant skill bias in technological change that is necessary
to replicate the observed pattern in the skill premium. The implication of the figure is

18 Chapter 6 discusses both the 705 and the 805.

19 The relation between factor supplies and factor rewards is not as simple as suggested here. From the
point of view of trade economists, there is no such relation at all. See Chapter 2 for an elaboration.
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that in the 8Os, given the changes observed in the relative supply of skilled labour,

'something' alongside the steady bias in technological change caused the demand for
skill to rise. What change or which shock is responsible for this acceleration in demand?

'E
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Year

Figure 4. Deviation from a constant skill bias

Explanations
Four explanations for the increased demand for skill are proposed (Chapter 2 reviews
the literature on this issue). First a more intense trade relation with low-wage countries
can cause a relative deterioration in the position of unskilled workers. The hypothesis
is that decreased trade barriers and lower transport and communication costs make the
unskilled workers' wages in OECD countries more sensitive to the downward pressure
exerted by the vast reservoir of unskilled workers in non-OECD countries (see Chapters
10 and 11). Second, changes in the supply of skilled workers are a possible explanation.
This explanation comes in different forms. One is that due to incompetent high-schools
the relative quality of unskilled workers has deteriorated and hence unskilled workers'
relative wage tends to fall. Another form is that with a constant bias in the demand for

skill, a deceleration of the supply of skill might be to blame. Third, changing institutions
- think of minimum-wage laws - might explain the observed wage pattern. The final
hypothesis is that biased technological change - many commentators think of the
computer revolution - is causing the relative wage decline of unskilled workers (see
Chapters 3 and 4).

We zoom in on the biased-technology explanation for a moment. Two things need to be
clarified. First, as the relation between technology and inequality depends importantly
on the substitutability of skilled and unskilled workers, we discuss two possible
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assumptions. Second, we discuss what bias in technological change is able to generate
inequality.

First we should answer the question: are skilled workers more efficient
equivalents of unskilled workers or are they 'different'? There are two reasons for not
choosing the perspective that we can add up efficiency units of labour: First it is hard
to imagine that any number of unskilled workers can replace an Einstein in research.
Second, in a model that assumes perfect substitution of workers, after correction for
education / efficiency, general equilibrium does not affect relative wages. Hence, such
a modelis incapable of explainingvariationin relative wages accompanying long swings
in growth.21

Second, what is the nature of technological change that can explain inequality,22
Technological progress might be sector-biased. That is, sectors employing relative
intensively skilled workers experience faster technological progress. This explanation is
explored in Chapters 2 and 11. Technological change can also be biased towards skilled
workers: the so-called factor bias (for an example, see Chapter 6).23 Finally, it is well
established that skilled workers have a comparative advantage in technology adoption
and innovation, seeBartel and Lichtenberg (198D. Thiscomparative advantage ofskilled
workers leads to inequality if the productivity of research or adoption increases. Hence,
technological revolutions might increase skilled workers' productivity and hence cause
changes in inequality (see Chapter 3).24

20 In some chapters it is assumed, for expositional ease, that unskilled workers have zero productivity
in research activity and skilled workers have zero productivity in production (Chapters 4 and 6 discuss
the sensitivity of the results for this assumption).

21 Bartel and Lichtenberg (1985 show that educated workers have a comparative advantage in
implementingnew technology. Goldinand Katz(1996)show the relevance of thisobservationthroughout
the industrial history.

n The relation between growth and inequality might run in the opposite direction of causality: from
inequality to growth. Persson and Tabellini (1994), for example, argue that inequality is bad for growth,
as, in a democracy, a desire for redistribution willlead to (increasingly) distortive taxation. Redistribution
might however, be growth enhancing if it for example, corrects imperfections that exist in educational
investments (for a more extensive critique on the political«onomy argument. see Saint Pauland Verdier,
1996). Althoughinthe remainderthe focus isentirelyon thecausal mechanism fromgrowthto inequality,
the results should be treated cautiously as (ambiguous) feedback effects from inequality to growth are
ignored.

23 Hence, at given relative wages, a more skill-intensive production technique will be chosen. This
translates into an outputexpansion of unskilled-intensive goods. In a closed or large-open economy, this
can result in depressed relative wages of unskilled workers; hence increased inequality (see Chapter 2).

24 This mechanism, which will be explored extensively in the remainder, is not entirely distinct from
a factor (or sector) bias, as a GFI' is technology shock that is beneficial for a certain production factor (or
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Discussion: one explanation, any explanation, or a non-explanation?
An extensive body of literature, which is reviewed in the next chapter, offers evidence
on the relevance of the different explanations. The majority of the literature argues that
after scrutiny of the evidence for the first three explanations - trade, supply and
institutions - nothing is left but to conclude that biased technological change is causing
inequality. This thesis contributes to this debate in several ways. First the next chapter
defends the proposition that is has not convincingly been shown that trade is irrelevant

in explaining wage inequality. Second, given that it has not been shown that trade is
irrelevant we propose to use an applied general equilibrium model to assess the
maximum impact of trade on wage inequality. Trade with low-wage countries is

responsible for at most half of the increase in wage inequality (see Chapter 10). This is
not the same as showing that trade matters, but the opposite is claimed to be wrong.
What is not explained by trade should be explained by something else: biased
technological change. Having accounted for'everything else', the residual is caused by

the unobservable factor: technological change that is biased. Such an explanation is a
non-explanation unless it is made plausible that some change in the economy points
indeed at a bias in technological change. A third contribution of this thesis to the debate
on wage inequality is to open the technology black box and to analyse potential
mechanisms that translate observed shocks into a bias in technological change. In

Chapter 6, anew mechanismfromskill supply changes to wage inequality is developed.
The alternative explanation for wage inequality is that an acceleration in the supply of
skills induces complementary skill-biased investments.25 Finally, Chapters 3 and 4

explore a mechanism for the skill-bias hypothesis by analysing the relative wagepattern
that accompanies the arrival of a GFI' like the computer revolution. The computer
revolution is an issue to which we turn now.

3.2 The productivity paradox
For every era one can point out a few GFrs, or at least technologies that were or are
important. A technology is a GFI' if it is widely applicable, requires complementary
investments, and has an inherent potential for improvement (for example, due to
spillovers that feed back to the GFI).26 At the turn of the twentieth century electricity
was the dominant GFI' (see David, 1991). Even further back in time the steam engine

sector).

23 See Chapter 6 and Acemoglu (1998).

26 Chapter 3 defines more precisely what a GFT is, see also Lipsey et al. (1998)
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played such a role. Perhaps of a slightly different nature,27 the development of plastics
- or more broadly the chemical revolution - has been a post-WW II GFI'. Today, the
advances in information and communication technology (IT) are very pervasive (for
more examples, see Lipsey et al., 1998).

Figure 5 shows the price decline of computers relative to producers' durable
equipment (PDE). The fall in the relative price of computers depicted in Figure 5
summarizes an annual fallin computer prices of 19% relative to a PDE price increase of
3% annually Gorgenson and Stiroh, 1995). The upward-sloping curve depicts the
accelerating computer investments (scale on rhs). This acceleration and the simple
observation that computers, IT or microprocessors (these terms are used
interchangeably) were being introduced everywhere gave rise to high expectations for
productivity gains. The productivity gains, however, havebeen disappointing. As Solow

(1987) once wrote: "we see the computer age everywhere except in the productivity
statistics". This is the Solow or productivity paradox.
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Figure 5. A computer revolution (In 1987 the relative price is set at
unity.)

Theproductivity paradox has amicro and macro interpretation. The micro interpretation
is that investments in computers do not seem to pay off (for evidence, see for example
Morrison and Berndt 1991).28 The macro interpretation of the paradox is that it is
'disappointing' that the new GFI' did not lead to a recovery of productivity growth to

v Chapter 3 examines two types of GFrs.

1 For contrasting evidence, see Brynjolfsson and Hitt (1991. By using firm-level data for the period
1987-1994, they find that IT investments generate'normal' short-term returns and long-run benefits that
exceed those by a factor 2 to 8.
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levels familiar from the pre-1973 period, see the first line of Table 2.29 However, the hard-
to-measure service sector is included in non-farm private business. A closer look at
Table 2 suggests that the paradox should be interpreted as: productivity growth in the
computer-using sectors is disappointing.

Table 2. The productivity paradox or a time series view of productivity'
(annual % increase in output per hour)

1950-1972 1972-1995 1995-1999

Non-farm Private Business 2.63 1.13 2.15

Manufacturing 2.56 2.58 4.58

Durables 2.32 3.05 6.78

Computer producing - 17.83 41.7

Computer using 2.23 1.88 1.82

Non-durables 2.96 2.03 2.05
a Source: Gordon (1999).

Explanations30

Productivity growth did not show an upsurge despite the massive introduction of
computers. To undo this observation from its paradoxical character, a number of
explanations have been proposed. One class of explanations is based on adjustment
costs. First it takes time before the truly valuable opportunities of the new GFI' are
recognized (for anecdotical evidence, see Chapter 3). Second, mis-management with
respect to the investment in IT might be relevant (possibly leading to over<onsumption
of technology). A third (real) explanation is that the size of the computer capital stock is
simply not impressive, see Oliner and Sichel (1994).31 Besides the real explanations,

explored further in Chapter 3, there are measurement-error-based explanations (these
are explored in Chapter 4). Measurement of productivityrequires appropriate measures

for output and input. Both are harder to measure now than 50 years ago. Aggregate

29 For the productivity slowdown in the early 7Os, many plausible explanations are available, see
Romer (198D and Van de Klundert (1999).

30 Based on Chapters 3 and 4 and Brynjolfsson and Hitt (1997,1998).

31 Thoughtheinputshareof computers is low, theoutputelasticity mightbe higher ascomputers affect
the production process itself and thus TFP (see Brynjolsson and Hitt, 1991·
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output data might not fully reflect the value of quality, variety and customization.
Moreover, output does not include the produced organizational capital that is related
to the adjustment to a new GFT. Inputs are, as a GFI' arrives, likely to be overestimated
as workers invest in their own human or in firm-specific/organizational capital.
Moreover, pecuniary or rent spillovers make it hard to pin down productivity growth.

32

This thesis contributes to the effort to undo the productivity figures from their

paradoxical character. We do so, first of all, by taking a closer look at the technology
black box. Chapter 3 shows that the arrival of a GFr likely causes growth to slow down
temporarily, once it is acknowledged thatpublic knowledge does not flow freely into the
firm but requires assimilation effort. Second, Chapter4 shows that productivity growth
is likely to be underestimated when a GFI'arrives. Thischapter also extends the analysis
of Chapter 3 and shows thateven the output level might go down, along with the growth
rate.

A contribution of a slightly different nature is that the next chapters will try to
convince the reader that increased inequality and disappointing productivity growth
might very well both be caused by turbulence on the technology front. That is, both
inequality and the productivity paradox are driven by a computer revolution.

4. Summary and reading guide

This section briefly discusses the content of the different chapters in sequential order.
Besides discussing what the different chapters do, some remarks are made about the

chapters' contributions in the light of this thesis as a treatise guided by the questions
raised in the previous sections. First however, a reading guide. Readers interested in
growth theory are referred to Chapters 3,5,6,7 and 8. Those interested in wage
inequality are referred to Chapters 2,3,4 and 6. Those interested in the empirics of

spillovers should read Chapters 9 and 11. Finally, all three elements are integrated in
Chapters 10 and 11, whichpresent two applied general equilibriummodelling exercises.

The next chapter reviews the literature on the explanations of the observed increase in
wage inequality. The two major explanations, namely trade and biased technological

change, are explored by setting out the standard theory and reviewing the evidence for

32 See Chapter 9 for a detailed discussion on rent spillovers. A variation of the rent-spillovers
explanation is given by Brynjolfsson (1996). He argues that a suitable way to measure the'return' to IT
investment is to estimate the generated consumers' surplus.
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these explanations. Next deviating explanations are discussed, after which the chapter
finishes off with a general discussion. The chapter serves two aims. First, the relations
between trade and inequality and between technology and inequality are explained and
empirically tested by means of a survey. Second, the chapter shows that the explanation
of wage inequality might be based on changes in trade relations but certainly also needs
a technology component. It is argued that a technology-based explanation would be
moreconvincingonceit hasbeenshown, intuitively appealing, how and why technology
is biased towards skilled workers. Chapters 3,4 and 6 try to fill this gap.

Chapter 3 explores the impact of a GFI' in a general-equilibrium framework with
skilled and unskilled labour. First, the chapter discusses historical anecdotical evidence

regarding the relevance of GFrs, after whichsome general characteristics are discussed.

Next two types of GFrs are contrasted: an idea-generating GFI' and a non-idea-

generating GFI'. Finally, the relation between the arrival of a GFI' and inequality is
explored. The chapter makes two points. First it shows that the recognition of the
specificity of knowledge leads to a richer description of the knowledge generation
process within firms,    as the chapter separates assimilation/imitation    from
research/innovation. Second, within such a structure it is shown that to explain the
productivity paradox and the wage-inequality puzzle one single cause suffices. The
arrival of a new GFT leads to lower growth temporarily and increased inequality.

Chapter 4 applies a simplified version of the model in Chapter 3. Chapter 4
focuses on the measurement problems that are likely to be relevant in times of a major
technology shock, such as a GFI'. The chapter makes three points. First the simplified
set-up, as compared to Chapter 3, allows for an analytical corroboration of the
transitional dynamics of a GFT shock (derived numerically in Chapter 3). Second, four
sources of erroneous measurement intimes of major technological change are identified.
Third, it is shown that dual growth accounting can provide a solution to overcome the
observed measurement problems.

Chapter 5 provides an explanation for observed productivity differences (in a
cross-sectional perspective) by exploring how vested interests block the adoption of a
GFT. The chapter explains why some societies might turn out to be more productive
than others.

Chapter 6 is the final chapter in the theory section that has a positive character.
The chapter shows that an alternative explanation for the increase in wage inequality -
based on the fact that educational attainment increased - is plausible given that one
explicitlyrecognizes thedifference betweenproduction and non-productionwork. Non-
production work is indirectly productive and therefore has the character of an
investment good. The chapter shows that in a model using the notion of firm-specific
knowledge an upward-sloping demand curve for skill might follow. The chapter serves
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two goals. First it shows that the firm-specific-knowledge perspective can lead to

contrastingresults fromthose obtained applying the perspective where useableknowledge
for research is fully public. Second, it shows that an upward-sloping demand curve for
skillis only possible ifknowledge spillovers are not'too' substantial, henceemphasising
the tension between specificity and spillovers of knowledge.

Chapter 7 is the first of two chapters that provide a normative analysis. The
chapter analyses the optimal research structure in a model where spillovers from
research are to be assimilated before they are a useful input in research. That is, to
accumulate useable knowledge, a firm should actively invest in assimilation. The model
resembles that in Chapter 3 but introduces alongside beneficial knowledge spillovers
fromresearch, spillovers that make existing knowledge obsolete. This leads to theresult
that despite the fact that spillovers possitively affect productivity, at the margin
innovative research might be harmful. This puts the empirical results on spillovers,
presented in Chapter 9, in perspective.

Chapter 8 provides a normative analysis of the trade-off between growth and
variety in a model that has - to start with - purely rival knowledge. The welfare analysis
shows that the market does not deliver the first-best social optimum. Crucial here is the

productivity of variety in production versus the competitiveness in the market for
intermediate goods. The chapter emphasises that accumulation of firm-specific
knowledge has to some extent a duplicationary aspect. This leads to different results
frommodels where useable knowledge is fully public. The chaptercontributes to this thesis
in that it presents what might be called a reference version of the endogenous growth
model with firm-specific knowledge. This version of the model discerns only one type
of labour. We also explore the implication of allowing for free entry of firms, an aspect
largely ignored in the remainder of the thesis.

Chapter 9 empirically assesses whether R&D spillovers are important and
whetherthey originatefrom domestic or foreign activities. Data for elevenDutchsectors
are used to determine the impact of R&D, by the sector itself, by other Dutch sectors and

by foreignsectors, on TFP. The chapter contributes to the thesisby confirming thenotion
that 1<nowledge spillovers do exist but are limited in scope.

Chapter 10 does analyse growth in a Heckscher-Ohlin world, first in theory and
then in an applied general equilibrium model. The chapter serves two goals: first it
assesses the role of trade in explaining wage inequality and second a version of the
applied general equilibrium without endogenous technological progress is introduced
and compared with the standard trade theory.

Chapter 11 builds onto Chapter 10. Endogenous technological progress is
introduced in the applied general equilibrium model by introducing knowledge
spillovers related to R&D. This chapter analyses the interaction between technology,
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trade and inequality. The chapter shows that the aggregate perspective used in the
analytical chapters can hide interesting aspects related to sectoral reallocation. Trade
liberalization might turn out to be lowering growth when knowledge spillovers are tied
to trade flows.



2

On Technology, Trade and

Wage Inequality:
A Survey

Abstract
Low-skilled workers have been facing declining real wages during the 805 in the US. while high-skilled
workers gained in the same period. This decrease in the relative wage of the low skiHed provoked a lively
debate on the causes of the observed decline. Many academic authors opposed to the popular view that
trade with low-wage countries caused the relative deterioration of low-skilled workers.

This chapter addresses the central question, whether we can ignore the role for trade on the basis
of existing literature. To answer this question, we first set forth basic trade theory. Next the theoretical
basis forempirical validation is established, where after theempiricalcontributions of several authors are
reviewed. Finally alternative explanations are assessed. On the basis of this survey we argue that the
denial of a role for trade by a number of contributors to the debate is not convincing.

'

This chapter is a slightly revised version of Nahuis (1991. This chapter was written in an early period
of the research for this thesis. The structure of the analysis, though, is suitable to discuss the most recent
literature. Most of the work on this chapter has been carried out while I was working at the CPB,
Netherlands Bureau for Economic Policy Analysis, that is acknowledged for its hospitality. Discussions
with and comments of Paul Tang and Andre de Jong greatly improved thechapter. Theo van de I<lundert
and Henri de Groot gave valuable comments on an earlier version of this chapter.
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1. Introduction

Declining real wages by 11 % in the US in the 8(Is!1 Are we living in an age of
diminishing prosperity? The decline in real wages is not just experienced by a small
fraction of all workers. Less-skilled workers have actually been facing declining wages
for a long period, while high-skilled workers experienced increasing real wages.

The populist press connected the rise in inequality in the 80s immediately with
trade withlow-wagecountries. Obvious explanations arenot always correct, hence some
academic economists gave a counter-reaction by arguing that the role for foreign trade
in this matter is negligible. By doing so, they initiated a lively debate on the cause of the
observed decrease of the relative wage of low-skilled workers.

This chapterreviews theliteraturedealingwiththe question:"Whatcaused the decrease
in the relative wage of low-skilled workers in the US in the 8Os?" The question implies
that the chapter focuses on empirical results and on the US.

The remainder of the chapter is organised along the following lines. The next
section more elaborately discusses the facts that instigated the debate. Section3 analyses
the questioninasimple supply and demand framework. It is obvious that, astherelative
wage and the relative supply of high skilled workers increased in the 8Os, the basic ques-
tion deals with the demand side. Section 4 deals with the analysis of changes in the
relative demand for skilled labour in relation to trade. This section's framework is the
classroom version of the Heckscher-Ohlin model of trade. Confusing and disappointing
results with this analytical framework led many authors to point at biased technological
change to explain the changes in relative demand for skilled workers. Section 5 deals

withtheoryandeconometric resultsrelated to the biased technologicalchange explanati-
on. The modest performance of the classroom trade model directed others to study a
deviating or more extended trade model. Section6 reviews this work. Section7presents
some deviating approaches, mostly approaches that not have been scrutinized
empirically. Section 8 weights out all approaches and concludes.

2. Documenting the facts

We first document the facts and postpone the discussion of potential causes. A few

prominent trends characterised the US labour market in the 70s and 80s. The first is a

1 Numbers in the introduction are taken from Lawrence and Slaughter (1993).



On Technology, Trade and Wage Inequality: A Survey                                                                           25

stagnant development of average real wages. Until 1973 real wages rose rapidly, in the
period from 1963 to 1973 an increase of25%!  In the period from 1973 to 1989, real wages
were roughly constant (Murphy and Welch, 1992). The second development is that
within narrowly defined groups on the labour market inequality increased.2 The third is
that in clear contrast with the 7Os, the earnings differential between groups with high
and low levels of education increased (see Table 1). The fourth trend is that educational
attainment rose over the 80s (see Table 2). Combining the second and third trend we
formulate a fifth trend: overall inequality increased considerably. For a more extensive

overview of labour-market trends in the 80s is referred to Kosters (1994).

Table 1 Change in education wage
premium in the 1970s and
1980s

1970s 1980s

United States -0.08 0.09

Australia -0.17 0.03

Canada -0.13 0.03

Germany N.A. 0.10

Japan -0.04 0.00

Netherlands N.A. -0.35

Sweden -0.09 0.03

United Kingdom -0.06 0.08
' Five-year average change in the ratio of earnings
of college level workers to high-school level workers.
Source: OECD Employment Outlook 1993.

This chapter primarily focusses on the increased wage inequality between groups with
different educational attainment in the 80s. Empirical analysis of the earnings inequality
produced a bulk of literature. We restrict ourselves to the more recent contributions. For

acomprehensive survey of the pre-9Os work, the reader is referred to Levy and Murnane

(1992).
Similar changes in education premiums and educational attainment as those

described above for the US are found in other countries. Table 1 shows education wage

2 This issue will only be touched upon in Section 7.
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premiums for several countries; depicted are the five-year average changes in the
earnings ratio of college versus high-school educated. A quick glance at the table shows
similarchangesinmostcountries, withthe NetherlandsandJapanasnotableexceptions.
Table 2 reveals that changes in relative supply in other countries followed a similar
pattern to that in the US.

Table 2 Relative supply of college-
educated workersab

1970 1980 1989

United States 10.8 16.6 21.5

Germany 6.0      7.4      9.4

Japan 12.0 17.9 22.5

France 5.3 8.3 11.8

United Kingdom 8.0 12.0 18.3
' Percentages of the population.
b For details, see Source.
Source: OECD Employment Outlook 1993

The remainder of this chapter tries to figure out what the explanations are for the facts
presented above. Related facts and other trends that might be a clue are the following.
(1) The return to experience rose substantially in the 80s. Thus, this alternative indicator
human capital was also rewarded increasingly (Kosters, 1994). (2) The manufacturing
sectorshranksubstantially. Theshareof manufacturingemploymenthas fallenfrom26%
to 18% between 1971 and 1990. This trend is a common phenomenon in all industrial
countries. (3) The gender wage gap declined. (4) Productivity growth slowed down in
most of the OECD countries in the early seventies. The consequence of the slowdown is
of course a more modest development of average real earnings. (5) Growth in the trade
volume was enormous in the 70s and slowed down in the 80s.
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3. Supply, demand and institutions

A simple framework will be applied for analysing the complex question on the causes

of the observed relative wage change: We analyse demand and supply for labour and
the institutional settings on the labour market. Here a broad definition of demand shifts

is taken. The essential distinction between shifts Ofand along the demand curve will be
made later on.

Murphy and Welch (1992)4 focusonrelative supply changes and test whether this,
in combination with a constant demand structure, fits the facts. What they basically

apply is a simple supply and demand framework wherein workers are differentiated by

age and education. First they examine the assumption of a stable labour demand

structure. For all groups, supply changes should be reflected in opposite wage changes.
For the 1963-1979 interval this prediction is confirmed. The decreasing college premium
in the 70s is matched by a relatively strong increase in average educational attainment.
For the period after that (1980-1989) the results indicate that a strong demand shift has

been accompanying the slowing supply increases of educated workers. The next step is
to assess the nature of the demand shift for this latter period. A stable trend rate in
demand change is consistent with the facts. An interpretation where the demand shift
is related to unemployment shiftss together with trade penetration is neither rejected.

To sum up: demographics (or stated differently, supply changes of educated

relative to less-educated workers) are important. But to clarify the complete picture,
demand changes should be examined. In the remainder no attempt is made to explain
the fact that the skill premium did not dramatically fall throughout the 20th century (and

in the 7Os) despite the continuing increase in the relative supply of skilled workers.

Hence, the steady increase in demand for skill that has to be going on is of no interest to

us. Therefore, read inthe remainder"anaccelerationinthe increase of relative demand for

skill" when the brief "increase in demand for skill" is used.

3 In summarising, the focus is on the results; the method and data will be mentioned only in passing
or in footnotes. For technical details is referred to the original papers.

4 The focus is on white full-time employed men's average hourly wage rate in 1964-1990 from the
Current Populations Survey.

'Thestrong rise in unemployment in the beginning of the 80s is thought to be a potential explanation.



28                                                                                                                          Chapter 2

As supply shifts cannot bear the sole responsibility for the observed trend, a first step in
detecting demand shiftcauses is madeby Katz and Murphy (1992).6 They attempt to con-
nectjobs withindustries. Intheir analysis, Katzand Murphy distinguishwithin-industry
and between-industry demand shifts. Within industry shifts are shifts changing relative
factor intensities at given relative factor prices; these are related to changing non-labour
input prices7 and non-neutral factor productivity change forexample. Between-industry
shifts are those that change the allocation of labour between industries at fixed relative
factor prices and are connected with (trade induceds) demand shifts or differences
between industries in factor productivity growth. Again, besides supply changes,
demand changes in favour of the college educated workers are necessary to fit the facts
(whether a stable demand trend does the job depends on the assumed substitution
elasticity between college and high-school graduates). The (nearly) stable demand shift
masks however the fact that for college graduates the between-industry shift in demand
slowed down in the 80s while the within shifts accelerated from 1967 to 1987.

In our supply-demand-institutions framework several other potential explanations are
tobeconsidered. Inthe following we briefly review explanations thatarenotextensively
discussed in the literature.

As we have seen, measured labour supply shifts could only partially explain the
observed trends. It is possible, though, that unmeasured supply changes are important.
The inflow of illegalimmigrants is one of these unregistered supply changes (this inflow
is probably an unmeasured increase in low-skilled labour). Learner (1994) and Bound
and Johnson (1992), amongothers, suggest this explanation. Itisbeyond the scope of this

chapter to deal extensively with this issue (see forexample thebookedited by Borjas and
Freeman, 1992).9 Alternatively, a decline in educational quality of the low-educated
workers is also an implicit supply change (that would also result in an increase in the

6 Full-time male and female wage and salary workers that worked at least one week are in the sample
for 1963-1987. The method: supply and demand framework where each distinct category is treated as a
distinct labour input with a separated (though via substitutability interacting) labour market.

' Required is an unequal substitution elasticity between the non-labour production factor and the
distinguished types of labour.

8 Assigning changes in demand caused bytradeas between-industryshiftsisnotcorrect from a general
equilibrium perspective. See Section 4 on trade theory.

9 To give some indication, Borjas and Ramey (1993) use time series of a cross-section of cities. Their
finding is thata 10 %-pointincrease in the foreign born population lowers the relative wage of high school
drop outs to college graduates with more than 5%. They useCurrentPopulation Survey data. so this does
probably not tell much about illegal immigrants, They just measure that immigrants increase supply of
less skilled workers.
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education premium).10 Opinions about the importance of these unmeasured supply

changes are rather diverse.
We have already stated that demand changes, besides supply changes, are an

important part of the explanation. The only, not yet discussed, element of theframework
is the institutional environment. Here several changes occurred that might have been
relevant. First declining unionisation is observed. Bound and Johnson (1992) test directly
for the influence of unionisation and indirectly via the importance of rents and conclude
that de-unionisation does not explain a very large part of the relative wage change.

Second, decreasing relevance of the nlinimum wage might play a role; only a small
proportion of the work forcecanbe affectedby this institutional change and besides that
the increased wage dispersion is also caused by changes in the upper part of the wage
distribution. Third, deregulation might have affected wage setting behaviour. One can
think of a lot more government measures, like changes in the social security system, that

might have affected the wage structure somehow.
For several reasons we do not explore these (potentially relevant) institutional

changes further: (i) the ones that are documented.in the literature have played a minor
role, (ii) there is no reason to assume that these measures did coincide internationally,
as is required given the facts documented above.

The results reported above do obviously not provide a comprehensive explana-

tion for the observed changes. They only point out that demand changes are necessary
to provide an explanation. Thus we need to explore possible explanations for a demand
shift.

4. Trade: an evaluation on the basis of the 2 x 2 x 2 Heckscher-Ohlin
model

The observed increase in the gap between the factor rewards for high- and low-skilled
workers, together with the more pronounced presence of low-wage countries in the

global economy, led many observers to conclude that the latter caused the former. The
argument that global market integration led to the increase in the wage gap is fairly

persuasive for many people. Economists have also been sympathetic to the argument,

w In the USitisa common notion that high-school quality deteriorated. A notion that is corroborated
by the data (Bishop, 1991). Levy and Murnane (1992) argue that this cannot be an important part of the
explanation, as the education premium also rose for older workers, who acquired their education much
earlier. A second reason why the hypothesis is not convincing is that the hypothesis also requires that
education (above high school) compensates for the deficiencies in secondary school, as the college
graduates also passed through high school.
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as there is a theorem in international trade theory, named after W. Stolper and P. Samu-
elson, that establishes a clear relation between global markets and internal factor
rewards. The concept is clear but the relevance of this concept for the issue at hand is

strongly debated by several authors. In this section the logic of the Stolper-Samuelson
theorem is set forth, where after several tests of the relevance of the Stolper-Samuelson
theorem are reviewed.

4.1 Theory: the 2 x 2 x 2 Heckscher-Ohlin model
Stolper and Samuelson (1941) established one of the theorems inthe endowments-based
international trade theory connected with the names of Heckscher and Ohlin. To
illustrate the logic of their theoremll we will run through an example based on the
situation in the US. Suppose the US is skilled-labour abundant. Furthermore we assume
that the US starts trading with LDCs due to a decline in trade barriers erected by the
LDC. The US will shift production towards the skilled-intensive goods industries (the
relative price of the skilled-intensive good is increased). As the shrinking sector is
unskilled-intensive, it releases relatively plentiful unskilled workers. Thus, the relative
wage of the unskilled has to decline in order to get the unskilled absorbed in the skilled-
intensive industry. This change in the relative factor reward, changes the factor-input
ratio in the both industries. Sunlmarizing the results after the market has settled at the

new equilibrium:
(1) unskilled labour in the US will be harmed relatively and absolutely,
(2) the ratio of skilled to unskilled in the US declines in both industries,
(3) employment is shifted towards the skilled-intensive industry in the US,
(4) the US exports the skilled-intensive good,
(5) the price of the skilled-intensive good rises relative to the unskilled-intensive
good and,
(6) for the LDC, implication (1) to (5) are reversed.

Box 1 provides a graphical exposition of the Stolper-Samuelson theorem.

11 The basic 2 x 2 x 2 H0 model is build on the following assumptions: identical constant returns to
scale production functions, free trade, no specialisation (factor endowments are not that dissimilar such
that they remain inside the cone of diversification), perfect competition on all markets, factors are fixed
in supply and preferences are identical and homothetic. A lot of these assumptions are not met in the real
world. This is hardly surprising, but makes the theory not useless as a 'tool to think'. Bhagwati and
Dehejia (1994) spend many pages on arguing the inadequacy of this model.



Box 1 The Stolper-Samuelson theorem in the Lerner-Pearce diagram

To illustrate the Stolper-Samuelson theorem the Lerner-Pearce diagram is employed. This
graphical technique highlights the predictions of interest for the wage-inequality debate. This
box explains the Lerner-Pearce technique and explores the Stolper-Samuelson theorem.

Preliminaries
The axis in Figure 1 denote factor inputs in production; skilled (H) and unskilled (L) workers

required for the productionof the skill-intensive good S and the unskilled-intensive good U. The
curves denote the combinations of factors of production required to produce the production
volume of goods S and U that generates a value of unity. To calculate the value, the production
volume is multiplied by the given world market prices. Hence,

Sps=1=TULL+wHH, Upu =1 =WLL+N,HH   .

From these relations directly follows that for both equations has to hold that:

dH=-1.
d L  WH

T'he equilibrium factor-price ratio can be determined by the angle of the tangent with the
horizontal axis. Obviously, good S is produced relatively skilled intensive as indicated by the
rays from the origin.

Tile Stolper Samuelson theorem
Now suppose the price of the unskilled intensive good (Pu) falls. Production has to increase to
produce a unit value, hence the U-curve shifts outward to U'. The new Wj,VH is lower than
previously and both goods are produced with a more unskilled-intensive technique.
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Figure 1. The Stolper-Samuelson theorem
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Implication (1) is the basic observation that led to the Stolper-Samuelson theorem.12 In
the remainder of this section the literature that directly or indirectly analyses the predic-

tions (2) to (6) is reviewed.

4.2 The ratio of skilled to unskilled workers declines
The Stolper-Samuelson theorem predicts that within allindustries in the US, the ratio of
skilled to unskilled workers should decline. The method to examinethis is the following.
First one needs to distinguish skilled and unskilled workers in the labour force.
Secondly, the relative wage increase of skilled workers should be met with a decrease
in the relative employment of the skilled workers.

Krugmanand Lawrence (1993) perform some analysis on this implication. Skilled versus
unskilled workersare approximated by blue-collar and white-collar workers. The change
in the ratio between these blue- and white-collar workers is analysed for the
manufacturing sector.13 The manufacturing sector is decomposed in industries at the 2-
digit SIC level. Opposite to the prediction, Krugman et al. find for nearly all of the
observations an increase in the ratio of skilled to unskilled workers within industries.

Lawrence and Slaughter (1993) perform a similar test. They distinguish skilled
and unskilled workers by respectively non-production and production workers. At 2,
3 and 4 digit industry level they find that the ratio of skilled to unskilled workers
increases; again opposite to the theoretical prediction! Their conclusion is that the
Stolper-Samuelson effect is (at least) overwhelmed by something else.

14

With respect to this test of the Stolper-Samuelson theorem there are two vital theoretical
limitations. The first is that the logic of the Stolper-Samuelson prediction of an increase
in the ratio of low- to high-skilled workers holds only in the case of unchanged

endowments. Three influences that might violate this condition are the following. First

12 The logic of the Stolper-Samuelson theorem remains valid in case of monopolistic competition (see
Helpman and Krugman, 1985). Ethier (1984) treats higher dimensions than 2 x 2 and concludes:
.Nevertheless it is fair to conclude that the Stolper-Samuelson theorem is not fundamentally altered by
an increase in the number of goods." (p. 145). In case of specialisation the Stolper-Samuelson theorem
does nothold in general. Komiya (196D analyses HOS theory in casea non-traded goods sector is added.
In that case it is still trustworthy to think in Stolper-Samuelson terms.

13 They restrict themselves to the manufacturing sector in the period between 1979-1989.

14 In fact the logic of the Stolper-Samuelson theorem also holds with fixed factor input ratios. Learner
(1994) stresses this but immediately admits thatiffactor substitution is feasible low-skilled workers are
substituted for high-skilled workers. Theempirically relevantcase is a substitution elasticity significantly
different from zero. Therefore, this theoretical argument receives no further attention.
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the decrease in the size of the manufacturing sector should be taken into account.
Second, the relative supply of high-skilled workers increased substantially during the
80s.15 Third, changes in unemployment might also affect'endowments'.16

A decreasing size of the manufacturing sector provides the connection with the
second issue why the increase in skill intensity is a disputable basis jbr rejecting  the role»
trade. In section 6 we will stress more extensively the following: the assumption of

homogenous and unchanging production functions within industries and equal
production technologies across borders is unrealistic and disturbing if one wants to
explore the role of trade. We want to distinguish more activities within one single
statistical industry, but more on this later.

Besides the theoretical limitations, there is a serious empirical limitation. This
limitation concerns the appropriateness  of the production/non-production workers
division to approximate unskilled and skilled workers. Learner (1994) stresses clearly
that this approximation is troublesome. Workers occupied with product development
are for example classified as production workers, whereas workers performing routine
office functions and those delivering sales are categorized inthe non-production worker
category. Similar problems exist with the blue/white-collar distinction.17

4.3 Employment shifts towards the skilled-intensive industries
An employment shift toward the skilled-intensive industries should be accompanying
the relative wage trend if the Stolper-Samuelson theorem tells the true story. A test for
this prediction is simple: order industries by skill intensity and analyse whether the

employment growth is most pronounced for the skilled-intensive industries.

Krugman and Lawrence (1993) test for this prediction. Depicting the relative skill
intensity in 1979 together with the growth in employment between 1979 and 1989 for the
industries they distinguish, learns that the skillintensive industries showed no tendency
to grow faster.

15 In his comment on Lawrence and Slaughter (1993), Hall raised the point that the continuing supply
increase might muddle up the picture. A solution to this problem is provided: consider the development
of skill intensity within sectors compared to the national average.

16 That the Rybczynski theorem learns that factor intensities are unaffected by factor endowment
changes, is only relevant for small countries.

17 The difficulty to identify skilled and unskilled workers is problematic no matter how the
classification is approximated. This, however, has to be taken for granted and will not be underlined over
and over again in the remainder.
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The limitations are essentially similar to those that apply to the first test. Theoretically,
we will argue that more activities should be distinguished within industries (or,
equivalently, that thelevelof disaggregation istoo limited). Therefore, denotingthe skill
intensity of an industry, consisting of a rather broad set of production activities, in a
single number is precarious.

The previous remark might also be interpreted as an empirical limitation, but
besides this one, the used identification of a worker's skill level remains of course
uncomfortable.

4.4 The US exports the skilled-intensive good and imports the unskilled-intensive
good
Economists, who have heard of the Stolper-Samuelson theorem, but do not know the
rights of it have, uselessly, tried to estimate or assess the impact of trade on the domestic
economy using the volume of trade as an indicator. This opinion is most forcefully

expressed by Learner (1994, 1995, 1996b). He speculates that it is probably the Stolper-
Samuelson prediction that the US imports the unskilled-intensive good that induces
factor content of trade calculations. The argument for the use of the so called Factor
Content of Trade (FCD calculations is appealing; one estimates what would have been
the demand for factors of production had the domestic economy been isolated from
world trade.

The factor content of trade methodology is rather familiar, and therefore the

explanation - based on Wood (1994) - will be brief. Factor exports and factor imports
respectively are:

ZX'us = 'Ausxus, Zm,US  =  AUS XLDC  '

where xus is the vector of sectoral shares of the manufacturing exports, AUS is the factor
use matrix and thus z. us is the factor content coefficient for exports. A similar vector can
be calculated for imports (z„, us)· If we now dssume that US exports are balanced with

LDC exports, we are able to calculate the change in factor demand had the US produced
the goods themselves by:

ZUS  = XLDC (Zi,US  - Zm,LIS   '

where XLDC is the vector of net import values.

Katz and Murphy (1992), discussed in Section 3, analysed the underlying causes of the
increased education premium and found 'some' role for trade. Katz and Murphy
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estimated the impact of trade, using the FCI' method and found that the direction of the
trade-induced shifts was consistent with the observed pattern, but that the magnitude
was (too) small.18

Sachs and Shatz (1994) vary slightly on the FCT approach by calculating19

counterfactual employment shares. Via aninput-output matrix, final demand for a sector
is estimated for 1990 keeping the import-penetration quote at the level of 1978. While

beingaware thatthe followingprocedure isa serious shortcut the counterfactual output
levels are directly translated into factor demand. Next they order industries by skill

intensity and identify the relevant trade partners for these industries (DCor LDC). They
find that less-skilled-intensive sectors are hit relatively hard and that the resulting
demand shift of 5.1% toward non-production workers is foremost caused by trade with
LDCs. More thanconcludingthat a tendency towards increased wage differentials might
arise from this employment shift is not possible.

FCI' calculations are based on the magnitude, or volume, of trade. Some authors use the
volume of trade directly to underpin their arguments: Krugman and Lawrence (1993)
support their conclusion that it is implausible that trade played a substantial role in

widening the wage gap by arguing that the bulk of US trade is with high-wage countries
and that trade in the US is still a small fraction of output. In later work Lawrence (1994)
reiterates this as follows: "US imports from developing countries did increase rapidly
over the decade, but againwhatneeds tobeborninmind is the magnitude." (p.13). Thus
their argument is basically that the magnitude of trade with low-wage countries is

simply too small to affect wages substantially.
Murphy and Welch (1992) also proxied the impact of trade bya volume indicator:

the net import of durables as a share of GNP. Trade is found to be a significant deter-
minant of wages. Murphy and Welch explicitly state that they are not convinced that
trade is the ultimatecause for the observed changes; biased technological progress might
also be relevant.20

18 Katz and Murphy (1992) assume thattrade affects production workers disproportionally. This issue
will be discussed extensively in Section 6. Correcting for this yields that trade is significantly affecting the
unfavourable development of the demand for unskilled workers.

"They use the Annual Survey of Manufactures from 1978 to 1990. They distinguish 131 industries and
150 trade partners. Again, skill intensity is represented by production versus non-production workers.

20 Deardorff and Hakura (1994) state that this indecisiveness of Murphy and Welch confuses them;
Murphy and Welch show that trade is a significant determinant of changes in wages so the unexplained
part must be something else.
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The limitations of the FCT approach have led to a heated debate in itself. Learner
condemned work based on FCT as: "incompetent immaterial and irrelevant" where
Krugman (199513) called FCT: "a procedure that turns out to be entirely reasonable."
(p.38). Learner's (1994,1995, 1996b) critical argument runs as follows. The Stolper-
Samuelson theoremconnects factorrewards with goods prices via zero profit conditions,
without the volume of trade entering the formulation of thetheorem. Toclarify: suppose
a country faces increased competition in unskilled-intensive goods, but that it succeeds
to keep a constant market share by lowering the wages of unskilled employees. When
asking the question whether trade can be blamed for this observation by means of
calculating the change in the FCI', the answer will be no. This is obviously the wrong
answer as ex-post trade volumes are an unreliable indicator of the ex-ante threat.21 To
restate the argument briefly: factor prices are set on the margin.

In a clarifying paper, Deardorff and Staiger (1988) show that the translation from
FCT to domestic factor prices is indeed not as obvious as it seems. By constructing an
'equivalent autarky equilibrium', that is, adjusting domestic resources for the amount
that is contented in trade, they are only able to exclude the counter-intuitive result that
factor pricesmove along withendowments under fairlyrestrictive assumptions (unitary
substitution elasticity on the demand and production side). Learner (1996b) reiterates
and extends the analysisbyDeardorffand Staiger and adds to their conclusionsthatonly
the repercussions for earning shares (not levels) of a complete elimination of trade can be
established under the mentioned restrictive assumptions. More intuitively: the problem
is that factors embodied in trade are determined simultaneously by tastes, technologies,
factor supplies, external goods markets and the deficit/surplus on the trade balance.22
Without being exhaustive, Learner (1996b), Bhagwati and Dehejia (1994), Sachs and Shatz
(1994) and Lawrence and Slaughter (1993) conclude that it is the development in goods
prices that should be analysed.23

Krugman (1995b) callstheFCI'calculationsan"entirelyreasonable" exercise, with
the restriction that trade deficits should be handled with care. How is this radically
differentview possible? First of all, Krugmanis eager to acceptthe restrictions following
from the Deardorff and Staiger analysis as being not too far from realistic. The second
and more fundamental difference is Krugman'srejection of the argument thatprices can

21 See also Bhagwati and Dehejia (1994).

n The issue, also raised by Bhagwati and Dehejia (1994), that it is highly problematic to calculate the
FCI' in case of serious trade imbalances is not disputed; this makes it troublesome to use the FCT
approach for the 80s anyhow.

23 See Section 4.5.
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be treated as exogenous. Throughout the debate this issue causes a watershed. The

proponents of the price approach consider a country as price taker, the others see relative
world market prices as endogenous. Krugman's (1995b) argument runs as follows. First
he asserts that the US, let alone the whole OECD, will alter goods prices if technology
or factor supplies are changed. Thus, the price approach is incapable of disentangling
domestic and foreign causes. As we want to know, what wages would have been, had

only the trade from low-wage countries been impossible, the volume of trade is a crucial

piece of evidence. 24

So we are left with two compelling arguments favouring two different

approaches. The verdict on the appropriate methodology (and with it the usefulness of
FCI) depends on the believe whether or not prices carl be treated as exogenous.
Whatever the verdict, however, one empirical problem remains and that is how to treat
the trade deficit.

4.5 The relative price of the unskilled-intensive good declines
The shock that drives all the observations following from the Stolper-Samuelson theorem
is that the price of the unskilled-intensive good declines. This is translated, via the zero-

profit conditions, in factor rewards. A lower relative factor reward for the low skilled in
the relatively unskilled-scarce country results. Prices are a reliable indicator as it is the
beginning of the chain of causation.25 A test based on prices of unskilled- versus skilled-
intensive goods has to adjust for differences in Hicks-neutral technological change.

In search for the answer whether or not foreign competition plays a role, Lawrence and

Slaughter (1993) put their finger at the beginning of the chain of causation. They test
whether prices of unskilled-intensive goods declined relative to skilled-intensive goods.
Thisappears not to be the case; they find the opposite. No more is necessary to show that
trade is not the important cause for the observed increase in wage inequality.

Sachs and Shatz (1994) also look at relative price changes. Opposite to Lawrence
and Slaughter, the view that the Stolper-Samuelson mechanism was at work is
supported! The notion that in the calculations in both papers the production / non-
production workerratio is used, leaves differences in the data as the obvious explanation
for the opposite result. Sachs and Shatz indeed point at the different use of data. They
add a dummy for computers. This is essential for their result. They admit that what they
find is not enough to explain the huge increase in earnings inequality and point at the

24 Deardorff and Hakura (1994) is an excellent reference to formulate the right questions.

25 Ignoring Krugman 's (1995b) critique, reported on in the previous section.
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interaction between asymmetric technological development and the lowering of low-
skilled-intensive goods prices.

Learner (1996a) performs a somewhat different exercise over a more extended

period, namely from 1970 to 1990. Learner starts with"the fundamentalcondition linking
product price changes, factor cost changes and technology changes" (p. 23):

19=BID-TFP,

where p denotes product prices, w factor prices and TFP technology. Learner tries to
disentangle the part of factor-price changes that is due to technological change and the
part thatis due to globalization (8 are factor shares). This equation should beinterpreted
as telling that goods-price changes lead to factor-price changes and that productivity
increases lead to factor-price increases if prices are fully determined on the world
market. The theory, however, says nothing about the relation between total factor
productivity (TFP) and price changes. An assumption on how much of the productivity
gain is passed on to lower prices should be made to be able to calculate the technological
effect on wages. Learner takes two extremes: full pass-through and no pass through. If
the sector-specific TFP change is fully passed on into lower prices, there is no room for
(sector) biased technological change to affect factor rewards (the only technology effect
on factor rewards is the average TFPchange). Given the pass-through assumption, inthe
equation denoted as A, the wage change attributable to technological change is:

(1  -  A)TPP  =  8,Wtech   

The remainder 6 is due to globalization:

p + ATFP - BID
glob o

The regression analysis is based on the latter two equations. The left hand side - sectoral
TFP growthand sectoralinflationcorrected for TFP induced changes -  is the dependent
variable. Whereas the (beginning of the period) factor shares are the independent vari-
ables. The estimated coefficients are mandated factor price changes, that is, changes that
areconsistent withnochangesinprofits. Inthe 60s the price/globalizationeffect worked
strongly against capital, but the technology effect compensated fully. In the 70s the
globalizationeffectworked stronglyagainstlow-wage workersand the technology effect

26 Usual practice is to account for the globalization effect and attribute everything else to technology.
Learner takes the mirror image.
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worked weakly against the low-wage workers. In the 80s the globalization effect works
out strongly against capital and is favouring high- and low-wage labour, where

technology affects high-wage workers unfavourably.
Thus the 70s is the period where the action is with respect to globalization. Two

remarks need to be made. First the early timing of the globalization effect driving down
the rewards for low-wage workers is to some extent explained by pointing at lags in
spreading this effect in the economy. Learner, however, conceives the timing of the

wage-gap increase in the 80s as inaccurate.27

Krueger (199D extensively discusses, what he calls, the 'price puzzle'. Using a

new data set the relation between skill intensity and price development is estimated
once again. The advantages of the Krueger data 8 are a 4-digit level of aggregation and

amorerecentperiod (1989-1995). Kruegerconvincingly reconfirms what Sachs and Shatz

(1994) find: a positive relation between skillintensity and price growth that is robust for
several indicators for skill intensity.

A theoretical limitation in (early) work on relative prices is pointed at by Davis and

Topel in commenting on the work of Lawrence and Slaughter (1993) on the relative

prices: "Once technical change is accepted as a major driving force behind relative wage
movements, relative price movements for traded goods no longer provide an accurate

indicator of the direction or magnitude of trade's effect on relative wages." (p. 220). This
comment cuts ice, as Lawrence and Slaughter in their analysis of sector bias in
technological change assume given prices. Thus it is implicitly assumed that
technological change is a local phenomenon. Krueger (199D does not use TFP data to
correct relative price changes either. He argues that TFP changes will harmlessly add to
the error term if TFP growth is uncorrelated with the other variables explaining price

growth. Sachs and Shatz (1994) and Learner (1996a) on the other hand adjusted their

prices for TFP changes before assessing the Stolper-Samuelson price changes.
A clearempiricallimitation of the test for this Hecl<scher-Ohlin prediction is that

measuring trade prices is notoriously difficult. For example, because of changes in the

product mix and quality of the goods. Correcting for TFP changes is an exercise that is

27 Why is the actual timing earlier? The used non-production versus production workers division is
incorrect. Criticising this division implies that Leamer has to come up with an alternative. High- and low-
wage workers are constructed by marking the highest paying industry as the high-wage (that is, high-
skill) industry. Next is assumed that only high-wage workers are employed in that sector and the same
for the lowest-paying industry. The ratio of high- and low-wage workers in all other sectors is constructed

by linear intrapolation.

28 Several sources are used; see Table 1 in the paper.
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known to be inherently problematic also. Therefore it might not be so surprising that we
end up with conflicting results in different papers.

4.6 For the low-skilled-abundant trade partners the predictions are inverted
As is assumed, formerly erected trade barriers between LDCs and the US are consider-
ably reduced. The Heckscher-Ohlin model predicts for the low-skilled abundant LDC
exactly the opposite movementsin productionand pricesto what is predicted for the US.
Asstudies forthelow-skilled abundantregions are scarce and data availability islimited
the summary of results is restricted to the prediction for factor rewards. The gap between
low-skilled and high-skilled worker wages should decline.

Wood (1994) finds for Southern countries a reduction in the wage inequality, as pre-
dicted by the Heckscher-Ohlin theory. As Wood distinguishes three types of labour, the
prediction of declining overallinequality is not obvious. Lowering trade barriers causes
the South to specialise towards basic-educated-intensive goods. The wage differential
between high skilled and those with basic education should decline, but the differential
between the average high-skilled/basic educated and those without education should
widen. Thus the prediction with respect to overall inequality is ambiguous, but Wood
expects a decline in inequality and finds it.

A cross-country regression of inequality and export shares in manufacturing
yields a significant negative sign, but it is probably not too hard to convince anyone that
this is not very informative. Time series analyses yield again the expected sign but the
results are hardly significant. Besides, in such a time series analysis one should account
for supply changes to be able to distil a role for trade with the North.

Nextthe changes in Mexican (and Moroccan29) relative wages are discussed. Why
discuss Mexico separately? First the Mexican changes in the8Os have some resemblance
to a laboratory experiment.30 Second, the Mexican economy is well documented in the
literature. Major changes were a considerable liberalisation of trade and the
announcement of Mexico to join the GATT. Hanson and Harrison (1995) test whether

29 To overcome the idea that Mexico might be very special due to location and their taking part in the
NAFTA we refer to Currie and Harrison (1994) who find a very similar pattern in Morocco after
abolishing several trade restrictions, cited via Harrison and Revenga (1995).

30 One change that might be messing up the 'laboratory experiment' is the relaxation of minimum-
wage policy (since 1983). This might be relevant for relative wages. Bell (1994), however, analysed micro-
data to measure compliance of minimum wages. The minimum wage though was a constraint for only
2% of the plants. The minimum-wage policy is therefore further ignored. Hanson and Harrison (1995)
document the considerable lowering of import licence requirements and tariffs besides the freeing of
export possibilities (and a devaluation of the nominal exchange rate)
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observed changes in relative wages fit in the Heckscher-Ohlin framework. As the US is
Mexico's most important trade partner 1 and the US is relatively skilled-labour rich, the
Heckscher-Ohlin prediction is a declining inequality between skilled and unskilled
workers in Mexico. The reality differs though. Between 1984 and 1990 the relative wage
of the skilled rose with 33%! Hanson and Harrison took this as a starting point to make
up stories32 that were consistent with Heckscher-Ohlin predictions and the observed
wage-inequality pattern. Aftertesting for the implications of thesestories it isconcluded
that there is no way that the facts can be reconciled with the Heckscher-Ohlin theory.

Even the ones who are sympathetic to the explanation that the increase in the wage gap
is due to non-domestic factors, i.e. trade, admit that the evidence with respect to the 2 x
2 x 2 Heckscher-Ohlin model is at least mixed. The ratio of skilled to unskilled workers
increases instead of decreases at altlevels of disaggregation that have been considered.

Employment did not clearly shift in the direction of skilled-intensive industries. If one
accepts the FCT calculations as valid and informative, the magnitude of Heckscher-Ohlin
tendencies is too small. The evidence of the evolution of relative prices, the most direct
measure of the Stolper-Samuelson effect at the beginning of the chain of causation, is
mixed. Finally, the relative wage change in Mexico and Morocco is clearly opposite to
the direction predicted by the Heckscher-Ohlin model.

Thus, irrespective of the discussions onthe appropriateness of the approach and
on the limitations of some tests of the Stolper-Samuelson predictions, it is fair to state
that the evidence is mixed. To formulate briefly what isat stake we use the evidence that
is clear so far, to formulate the'trade and wage puzzle': "The relative wage increase of
skilled workers is accompanied by an increase in the ratio of skilled to unskilled workers
within industries."

How to plow ahead given these findings? The fact that the predictions belonging
to the 2 x 2 x 2 Heckscher-Ohlin model are not confirmed basically led to two
approaches. One approach is to look for domestic causes, as the above reported evidence
suggests that non-domestic causes are unlikely to be important. The search for a
domestic cause, some form of biased technological change, is subject of the next section.
The other approach is not to reject a role for trade, but to refine or reformulate the
Heckscher-Ohlin model. Section 6 deals with this.

33 Mexico's exports (in value) of industry products (in 1985) was directed towards the US for over 90%
(in 1992 almost 80%). For imports the number for'85 is 76% and for 1992 is 65% (Source, Wildcat data
system, CPB).

32 Like assuming that Mexico is relatively skilled labour abundant to the rest of the world (but trade
with the rest of the world is only a minor part of Mexican trade).
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5. Biased technological change: an evaluation of domestic causes

The weak support for the trade-related explanation led authors to the alternative
explanation of biased technological change. The logic is simple: the relative supply

changes did not contribute much to the explanation of inequality, clear evidence for a

change in demand due to trade is not found, thus there is left a residual that can only be
attributed to technological change. This explanation of biased technological change is

prompted by the common-sense idea that new technology mostly replaces unskilled
workers; for example one worker operates the robot-system that replaced several

assembly-line workers. This would, however, imply that the productivity of the
unskilled workers goes up. This section sorts out what type of technological change
solves the'trade and wage puzzle'.

5.1 Theory: the 2 x 2 model

To analyse what is meantby biased or asymmetric technological progress, again the two
sector, two factor model forthe small-openeconomy isused. We assume that technology
is locally available.

The skill-biased technological change explanation comes essentially in two
different forms: a sector bias in technology or a factor bias in technology.

A sector bias
Take a Hicks-neutral sector bias in technological change. Hicks neutrality implies that
at the original factor-price ratio the factor intensity is unaffected (see Figure 2a where the
lines of tangency indicate the factor-price ratio). Figure 2b depicts the new equilibrium
factor-price ratio after a relative increase in the productivity of the skill-intensive good.
Increased inequality (a decrease in wt»H) results and hence the first part of the 'trade
and wage puzzle' is solved. The skillintensity of production (depicted by the rays from
the origin), however, decreases. Thus the second part of the puzzle is not solved.
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Figure 2. Sector-biased technological change

A factor bias
Skill-biased technological change is: a change in the unit factor requirements at given
factor prices. In the Lerner-Pearce diagram this is depicted by a shift in the unit-value
curves along the factor-price ratio line (see Figure 3a). One cannot read it directly from
the figure but it is easily inferred that to maintain domestic factor-market equilibrium,

production should shift towards the unskilled-intensive good. Figure 3b shows a more

plausible pattern; skill-biased technological changes that also reduces costs (in a sector-

neutral way).
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Figure 3. A factor bias in technological change

Evaluating the results with respect to the formulated 'trade and wage puzzle' reveals
that the skill intensity of production increased but that the factor-price ratio is
unaffected. It is the observation that a sector-neutral skill bias by definition does not
affect relative wages that causes Learner (1995, p.5) to argue that "factor bias doesn't
matter, sector bias does..
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Leave the small-open-economy perspective for a moment and assume that the

economy is sufficiently large to affect the world market price. The change in production
structurenecessary to keep production factors fully employed (increasingthe production
of the unskilled-intensive good) is likely to exert downward pressure on the price of the
unskilled-intensive good (seecurve U' and note that Pu-< Pu. Figure4 shows thatrelative
wage deterioration of the unskilled workers results (along the increased skill-intensity
of production). Hence, this perspective solves the trade and wage puzzle.

'.

S=Fs(L, H)= 1/Ps

H

C-- U=Fu(L, H)= 1/Pu

U'=Fu(L, H)= 1/Pu'

L

Figure 4. A large open economy

The discussion so far yields two lessons. First it is likely that skilled-, instead of

unskilled-saving technology is the principle cause forinequality. This iseasily seenwhen
it is recognized that unskilled-labour saving technology is the equivalent of increased

productivity of the unskilled. Second, the'trade and wage puzzle' (the combination of
increased relative wages for skilled workers with the increased skill intensity of
production) is'solved' by biased technological change in two ways. One possibility is
that in the large open economy a skill-bias leads to a decrease in the price of the
unskilled-intensive good. Or, equivalently, a combination of two shocks on the small

open economy: skill-biased technological change together with a decrease in the relative

price of unskilled-intensive goods, due to trade liberalisation for example. A second

possibility holds for the closed economy: a skill-biased technological improvement in
combination with ample substitutability between both goods.
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5.2 Theory: endogenous technological change
We are looking for the basic behavioural assumptions or structural changes that caused
an increased skill premium. The following notions are preliminary and there is hardly
any evidence supporting or rejecting these speculations.

That necessity is the mother of invention is something hardly disputable after a
decennium of endogenous growth theory. If it would be asymmetric technological
progress that drives the observed trend, what is the incentive for developing such a

technology?
First the incentives for generating a sector bias by endogenous technological

change are considered. Two directions can be followed. The first is that increased

competition lowers the future stream of profits and therefore the potential gains from
investment in R&D. When we assume that competition increased mostly in unskilled-
intensive sectors causing these sectors to perform less R&D (what ultimately causes a
sluggish TFP development) this might lead to trade-induced bias in technological

change. This is biased in the sense that it differs across industries, according to skill
intensity (see Figure 2).

A second line of reasoning works in a similar direction. Assume wages of skilled
workers tend to rise relatively to unskilled workers' wages (due33 to trade?): as R&D
activity is thought to be skilled-intensive, therelative wage trend makes producingmore
attractive relative to innovating, at least in industries where production is low skilled-
intensive. Thus this mechanism might again work out asymmetric across industries,
where again low skilled-intensive industries face lower incentives to innovate.3,

Third, the increase in the relative endowment of skilled workers could induce a
bias in endogenously generated technological change by one of the following
mechanisms. First, the market size for innovations that improve the productivity of
skilled workers increases with the number of skilled workers. Hence, an increased
endowment of skilled workers, as such exerting downward pressure on their relative

wage, might induce complementary innovations that cause the relative wage of skilled
workers to increase in the long run. This implies that the demand curve for skill is
upward sloping (see Acemoglu, 1998). Second, anincrease in the relative endowment of
skilled workers implies that the knowledge stockis more valuable now and in thefuture,

" The question on the cause of the initial change in relative wages is of course highly relevant. If we
do not answer this, the second line of reasoning is circular.

34 The consistency of these stories should of course be checked in formalising the arguments.
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as skilled workers work with the knowledge stock. This can again result in an upward-
sloping demand curve for skill (see Chapter 6).

Note that the first two reasonings on endogenous technological change both hinge
on trade oratleast are likely tobe related to trade. The last argument is easily developed
within a closed economy framework.

5.3 Evidence
A fair amount of 'evidence' in favour of the biased-technological-change explanation
consists of rejections of trade-related explanations. The approach of rejecting trade as an

explanation and assigning the unexplained residual to technology is common practise.
There are inprinciple no objections to a properapplicationof this strategy. Thekeyword
here is 'proper', however; a discussion on whether this strategy has been applied
accuratelyis postponed. Inthis sectiondirect 5 evidence for'biased technological change'
as an answer to our basic question will be reviewed.

Using micro data, Krueger (1993) provides direct evidence on the type of technological
change that is relevant. Using CPS data for 1984 and 1989, the impact of the'computer
revolution' isassessed. As a take offsome descriptive data: computer use increased with
50%, to 38% of the workers in the sample. The use increases strongly by educational
attainment and the use is very widespread in sheltered industries as insurance, banking
and public administration. In a Mincerian wage equation, a dummy for computers is
added. In 1984 the use of computers yields an additional pay-off of 18.5%, in 1989 this
is even slightly higher.36

One serious limitation, as always, remains: is it actually the use of computers that
is valued by employers, or does the variable represent something else that is omitted in
the regression,37 Taking the results for granted - for a minute - Krueger explains half of

35 Davis and Topel (1993) provide a nice analogy with respect to the need for more direct evidence.
Assuming that biased technological change is causing the increased inequality is like inferring the
existence of Pluto because Neptune's orbit does othenvise not fit in the theory. The existence of Pluto is
much more compelling ever since it was actually sighted in a telescope. Thus an apparatus to actually
trace the bias in technology is needed for the argument to be convincing.

36  To control for the possibility that the computer dummy accidentally catches the fact that workers
might be able to capture rents, separate regressions are run for union and non-union workers. Surprising
(and yet unexplained) is the result that the return to computer use for unionised workers is only about
one third of that for non-unionised workers.

37 There is serious reason for suspicion as it is the use of e-mail that appears most productive.
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the increase in education premium, and even more when the interaction between

computer use and education is taken into account. DiNardo and Pischke (1996) first
replicate Krueger's result using a German data set. Next, they show that computer use
reflects some unobserved heterogeneity in the data set. Sitting down while working and
using pencils also has, alongside computer use, a significant effect on wages. These

findings cast serious doubt on the interpretation of the computer-use premium as
reflecting a productivity bias.

In view of the previous discussion on the theory, Krueger's work might lead us
to accept the view, opposite to the popular one, that it is indeed skilled-labour-saving
technology that is relevant. But remind that in the open economy case the skillintensity
within sectors moves in theory in the opposite direction from the one actually observed

(see Figure 2).

Simultaneously with suggesting that asymmetric technological progress is the plausible
explanation for the observed trends, several authors refer to Bartel and Lichtenberg
(198D and Mincer (1991) for supporting evidence. Bartel and Lichtenberg did pioneering
work oncapital/technology-skill complementarity. They established a relation between
skill composition of the workforce and the capital stock. Industries with newer capital
or higher R&D intensity have a more educated workforce.

The capital/technology - skill complementarity, found in earlier cross-sectional
studies, establishes no causal relation. Estimating this in a time series framework would
beanimprovement. Mincer (1991)38 relates inatime-seriesapproach the return tohuman
capital to the pace of technology correcting for other factors (as, for example, supply

39
changes). R&D indices do rather well as a proxy for technology.

Berman, Bound and Griliches (1994) report findings for the manufacturing sector.40 The
question they want to answer is: What causes the increase in the fraction of non-
production workers (or their part in the wage bill) in manufacturing? There is no clear

38 The data on white males from one Current Population Survey in each year from 1963 to 1987 are
used.

39 International competition, proxied by the ratio of net export to GNP, is however significantly
negative; the right direction for a trade induced explanation.

40 Their research relies on data from the Annual Survey of Manufacturers from 1959 to 1989. The data
are from producers, therefore all inputs used in production are available. Data are disaggregated at the
4-digit level.
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underlying model they use. Between 1979 and 1989, the number of production workers

declined by 15% whereas the number of non-production workers increased by 3%.
Between and within industry shifts are distinguished; the latter explains 1/3, the former
the remaining part. Their first contribution is to subdivide the between and within shifts
in end-use categories: exports minus imports, domestic consumption and defence.41

Berman, Bound and Griliches conclude that trade cannot be a principal cause of the
observed trends in wage bill. Biased technological change is offered as an alternative.
Their second contribution is that they try to measure directly the importance of biased
technological progress. A cross-sectionalregression is used inthe followingmanner. The
annual change in the non-production workers' share in the wage bill is the dependent
variable. Independent variables are time dummies and the change in capital intensity.
The data onotherproduction factors allow toidentify complementarities. A capital/skill
complementarity,42 suggested by Bartel and Lichtenberg (1987), is confirmed. Next they
add the importance of computers and R&D expenditures over sales as independent
variables. They attribute significantly to the explanation of the increase of non-
production workers's wage bill share. Berman et al. conclude that asymmetric
technological progress is the major cause for the shift towards non-production workers;
trade might have been a minor amplifying effect.

We already encountered the work of Lawrence and Slaughter (1993) in the
assessment of the 2 x 2 x 2 Heckscher-Ohlin model. Having rejected this model,
technological change is left as an explanation. First they test whether Hicks-neutral

changes/differences in technology between industries are relevant. They assume given
prices. Two predictions are to be tested (see Figure 2). The ratio of skilled over unskilled
workers should fall. As we already know, it does not. A more direct prediction to test is
the notion that total factor productivity growth should be most pronounced in skilled-
labour intensive industries. Thissectorbias in technologicalchange is (not convincingly)
found. For Lawrence and Slaughter, nothing else is left than to point at factor-biased
technological change as a possible explanation.

41 For example, the between-industry shifts in employment are decomposed in shifts due to more or
less net exports, more or less employment occupied for defence build-up and the employment active to
produce for domestic consumption. Employment is approximated by output data.

42 They decomposethis inplantsizeandequipment; theactual complementarity is between equipment
and skill.
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Learner (1994, 1996a) comments on methodology and presents also some
preliminary empirical work. Learner findsi, (as reported on in Section 4) that technology

clearly has decreased inequality in the 8Os!

In a promising approach, Baldwin and Cain (199D assess the dominant factor causing
relative wage changes. In the context of a general equilibrium model, technological
change, relative endowment shifts and alterations in the trade pattern are
simultaneously taken into account.44 Exceptionally, they use a large open economy
framework. Using various data sources they assess which of the three driving forces is
consistent with the observed pattern in goods and factor prices, skill intensities and
output changes. For the late 60s to the early 705 the relative supply increase of high-
skilled workers is important. For the 70s the relative supply increase together with an
unfavourable bias against unskilled workers is the driving force. And for the 80s is

pointed again to biased technological change.
Baldwin and Cain (1997) pointatthetheoreticallimitationthattheapproachisnot

capable of discriminating between all potential explanations. A second limitation of a
theoretical nature is common in the work on this topic; the problematic distinction
between high- and low-skilled workers.45

Besides the usual limitations to econometric work there is a more principle

problem. In the studies discussed in this section, industry data are used in regression
equations to explain wage trends. The essential difficulty is that industries are treated
as homogeneous entities. It is hard to argue that industries are representing a single
activity. What is meant is that industries consist of several activities and that activities
can be distinguished and ordered by'technology intensity' and skill intensity. Taking
this conjecture for granted the above cited regressions are not as informative as they

43 The data from Lawrence and Slaughter, that Learner criticized, are used in some (preliminary)
regressions, estimating the impactof technologicalchange (affecting low skilled workers only) on wages,
leaving prices constant.

" A regression is run with the relative goods price change as the dependent variable and factor shares
are independent variables. Industries are the units of observation. The estimated coefficients are relative
factor price changes (this relation is easily derived from zero profit conditions (mobility of factors across
industries and CRS technology is assumed)). Combining these estimates with actual observations on
endowments, output, relative and absolute wages and the skillintensity of production, they can exclude
certain explanations as being dominant.

45  Baldwin and Cain, however, do not make a clear choice between a boundary at 11 or 12 years of
education. They arbitrarily shift this boundary to provide the most convincing underpinning of their
explanations.
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seem at first sight. Suppose that trade causes outsourcing or a shut down of the less
skilled-intensive parts within industries. Likely the less skill-intensive parts are also
'technology extensive'. With the combination of these two assertions the conclusions
connected to the regressions could also be a consequence of trade-induced outsourcing.

The argument that highly disaggregated data are used cuts no ice. The fact that
a 4-digit level disaggregation is not sufficient, is a problem that Berman et al. recognize
but surprisingly further ignore:"Even within specific industries this"foreign outsourcing"

is likely to have disproportionate effect on less skilled labour..." (p. 376, italics added).
More on this issue in Section 6.

Anexceptional approach is followed by Bound and Johnson (1992)46 whenthey evaluate
alternative explanations for the changes in the structure of wages. Bound and Johnson
try to answer the question on the causes of the observed changes in the wage structure

by estimating the contribution of alternative explanations in the context of a clear
theoretical framework for the closed economy. The framework allows for some
autonomous demand shift (caused by foreign competition  or a preference shift).
Criticizing this theoretical framework is easy,47 but it is their merit that the framework
isclear and that all potential explanations fit in. Explanations are divided in (A) changes
in the non-competitive part of wages (the rent) and the impact of workers changing
between industries with different rents (see Krueger and Summers, 1988), and (B) in
changes in the competitive part of wages. The latter is subdivided in changes caused by
supply, demand, and technology. Demand shifts over 11 industries have a modest

(sometimes even'wrongly' directed) impact on relative wage changes. The change in
factor-specific technology contributes most importantly to the changes in relative wages;
after accounting for this, hardly anything remains unexplained. This is not surprising,
as they state: "The major difficulty with this explanation, unlike the explanations

involving industry wage effects, supply and product demand, is (as inthe analysis of the
sources of economic growth) that it involves the residuals of the intra- factor demand

46 Population Survey data for 1973-47, 1979 and 1988 are divided in 32 sub-samples by education (4),
experience (4) and sex (2). For each sub-period they estimate an extended wage equation and calculate
from the coefficients the real wage for all (32) cells. In proceeding like this they filter out well known
differentials caused by race, industry and region.

47 They assume full employment despite that they have chosen to leave certain types of workers out
of the sample. They assume constant and equal elasticity of factor substitution between all workers and
all industries. So, it as easy to substitute for a college graduated manager with 30 years of experience. a
similar employee with 25 years of experience, as a high school drop out with no experience. Elaborating
further that this is a strong assumption is probably not necessary.
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function rather than directly observable phenomena" (p.383). Besides skilled-labour-

biased technological change they think changing unmeasured labour quality is a

principal reason for the increased wage differential.

6. Amending the trade model

The weak performance of the basic trade model, reported on in Section 4, guided
research in two directions. The first direction is the analysis of technological change

favouring skilled workers. The rationale for pointing atbiased technological change was
thattheother explanations did not contribute substantially to explaintheobserved wage
trend. To speak withLeamer, their reasoning was:"Eliminate the impossible, and allthat
is left is truth" (1996a, p. 2). In this section we will argue that on the basis of the existing
literature it has not been shown convincingly that all the other is eliminated. This line of

reasoning induced a second strand of continuing research. In this section we will
extensively discuss approaches related to international trade, but deviating from the
basic 2x2x2 Heckscher-Ohlin model. The logic that lacking evidence in favour of the
basic trade model does not imply a negligible role for trade is blunt but often'forgotten'.

6.1 Disaggregation, non-homogeneous goods and outsourcing: a new assumption
A fundamentalchange inan assumptionbehind thebasic trade modelis proposed inthis
section.48 The assumption that is altered in this section is that goods produced in one

industry are homogenous. The hypothesis postulated here is that it is possible to
distinguish more activities within a single industry. First the rationale for this deviating

hypothesis will be developed. After that an example of a theoretical implementation of
this assumption is discussed together with estimates for the impact of trade on wages.

To understand the rationale for the deviating assumption it might be clarifying to take
a closer look at industries. To set the stage, how do indigenous firms respond to
increased competition by LDC firms? Probably by shedding their labour intensive parts

(by outsourcing or leaving the business) and product upgrading (differentiation).

Following an example makes the argument less abstract. The television receivers

48 The idea is not new, and can be found in discussions on the relevance of models for intra-industry
trade. See, for example, Finger (1975).
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industry is taken as an example.  It is expositionally easy to consider an industry where
matters have settled.49

It is first of all necessary to state that the television-receiver industry in the sixties
consisted of a few firms that made complete television sets, from plugto screen so to say.
Around 1970 Japan began penetrating the US market for colour sets. When the Japanese
found their products excluded from the market by several trade-policy measures, other
Asian countries took over. How did American firms react to increased foreign
competition? First of all they advocated protection, but besides that, they followed "a
competitive strategy centred onreducing product prices through the transfer of labour-
intensive processes to low wage countries." (OECD, 1985, p.163)

What does this essentially mean? And what does it mean for statistical
tractability? Employment in the television receiver industry declined by almost 30%
between 1977 and 1981. The average skill-intensity in the industry increased, as skilled-
intensive parts of the production process are relocated to low-wage countries. We make
an additional assumption, probably one that is not too hard to defend: we assume that
the plants that are relocated to low-wage countries are the relatively less R&D intensive
ones.

This brief history of the television-receiver industry indicates that 4-digit level
data do not guarantee that production facilities can be treated as an entity. This means
that what the statistics reveal as a change in production technique might in reality be a
relocation ofcertainparts of production capacity under pressure of foreign competition.
Or stated again differently  (this is an important point!) even at a 4-digit level industry
characteristics might change over time and might differ from the foreign counterparts,
without being caused by technological change.

49 This example is taken from the"Costs and Benefits of Protection"-study by the OECD (1985), where
is referred to for more examples.



Box 2 Disaggregation, non-homogeneous goods and outsourcing

This box illustrates the outsourcing hypothesis in the Lerner-Pearce diagram. Now, for
expositional ease, the following fixed-proportions technology is assumed:
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where b denotes the unit factor requirement. Figure 5a shows the initial equilibrium (H/L is the
endowment point; the vectors from the origin denote the allocation of factors over the two
sectors).

Outsourcing
A change (in technology, transport costs or tariffs) makes it possible to slice-up the value chain
in high-skill high-value added parts and low-skilllow-value added parts. Assume that assembly
of the different parts is costless and that the LDC is incapable of producing high-value added
parts. The division of productivity in high-skilled (denote by h) and low-skilled intensive parts
(denoted by t) implies:
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Furthermore the value added assumptions imply that P >Ps>P , P>Pu>PL. The graphical
representation is given in Figure 5b. The low-value added goods can no longer be produced
profitably in the developed country (following the same procedure as in panel (a) one can infer
that in panel (b) goods markets still clear). Hence, the new wjit,H is lower than previously and
both goods are produced with a more skilled-intensive technique.
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Figure 5. Outsourcing

Acceptingthe assumption of non-homogenous goodshas serious implications. Rejecting
a trade-related explanation of observed trends on the account of the "wrong" changes
in factor intensity in industries, as Krugman and Lawrence (1993), is probably less
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convincing after this story (see Box 2).50 See Nahuis (1999) for an alternative graphical

comparison of the hypotheses advocated here and the Stolper-Samuelson mechanism.
The available direct evidence on complementarities between skill and technology or
capital fits in this story also. The non-R&D (unskilled labour) intensive parts of
production are relocated to low-wage countries, so skill-upgrading in the developed
countries and R&D activity go hand in hand.

The story above indicates that this type of outsourcing of unskilled-labour
intensive parts of industries (due to non-homogeneity of production) seems even
relevant at a high level of disaggregation. In that case, it seems that a babel like
confusion, between advocates of the asymmetrical technological development and the
trade-based explanation, is not to be excluded beforehand.

To summarise the argument: we argue that production within a single industry cannot
be viewed asone homogeneous activity. Thereforeoutsourcing can berelevant. One can

similarly argue that the level of disaggregation is insufficient to label the industry with
a single production function, hence that a single indicator for skill intensity is
misleading.

The magnitude of outsourcing is often stated to be too small (see for example
Lawrence (1994)). Usually, however, only outsourced activities of multinational firmsare
taken into account that are reimported again internally as intermediate inputs. The
definition of outsourcing embraced here is more broad. Here we propose to take'invol-
untary outsourcing' also into account and to include imported goods sold under the
brand name of a domestic firm.51 This extended definition implies that closed plants,

formerly producing'parts' of the spectrum of goods produced within a single industry,
are part of outsourcing.

50 For the story to fit the facts, one should remind the declining manufacturing sector employment. It
is necessary, or at least plausible, thatthe trends in this story are accompanied by an on average shrinking
manufacturing sector. Besides that the inaeased skill intensity in manufacturing has to be met with a
response somewhere else in the economy, as it is not solely supply driven. Somewhere the domestic
unskilled should be absorbed. Either the composition of the group of unemployed should become more
unskilled, or the sheltered sector should show an opposite skill intensity development The minimum
requirement for this story not to be rejected is that the skill intensity of the sheltered sector is increasing
less than the one in the exposed part of the economy, as the relative supply increase of skilled workers
has to be taken into account.

51 Feenstra and Hanson (1995, 1996) propose this latter extension.
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Direct evidence

Supporting evidence for this story can be found in numerous case studies, (see note 49).
Cooper (1994) analyses the very unskilled-intensive (by wage profile) industries, notable
textile, apparel and leather (TAL). Rising prices  of  the TAL goods relative  to  all
manufactured goods are found. Can this be explained in the face of stiff competition
from LDCs? Only when one allows for product upgrading or outsourcing this can be
explained. The price of imported goods might decline while the price of the slightly
different domestic goods rises (see Figure 5).

Though indicative, we are well aware that this piece of evidence is not
discriminating between the trade induced changes that we are emphasizing here and
biased technological change.

Disaggregation, non-homogeneous goods and outsourcing: theory and evidence
Wood (1994) focuses on the North and the South, not the US alone. His comprehensive
work starts with an exposition of his theoretical framework. In the Heckscher-Ohlin
framework the essential (that is, in the long run immobile) production factors are
unskilled labour and skill and knowledge attached to people. Technology is seenas prior
used skill. Incontrast withmostother authors, Wood distinguishes three typesof labour:
those withnoeducation, those withbasiceducation, and aheterogenous group ofskilled
workers. Workers without any education are assumed to be located in the South only,
and irrelevant for manufacturing. So the standard Heckscher-Ohlin model is applied
with two factors: workers who have basic education and those who have more skills.
Basically, Wood applies the FCT method. Earlier FCT calculations used the wrong
method: they underestimate effects because inappropriate factor-input coefficients are
used. The coefficients should be adapted for the fact that they have changed as a
consequence of the increase in competition. The most labour intensive sub-industries

have long been disappeared. Part of trade is therefore now'non-competing', in the sense

that these goods are not produced in the North, as they are unprofitable by their high
unskilled-worker intensity. Therefore, usual calculations are strongly downward biased.
This consideration is similar to the argument set forth in Section 6.1.

Intheempirical part Wood takes this potentialbias into account. Acountervailing
bias in the estimation is the result of the fact that prices of the "non-competing" goods,
now produced in the South, will probably be lower. This causes an increase in demand
for the good. Wood's own calculations correct for both biases and result in an estimate
ofacumulative negative effect ondemandforbasic-educated workersofabout5% of the
total number of basic-educated workers in the economy.
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Next Wood adjusts his calculations for the following facts: trade in services has

been 'forgotten' and the effect of less skilled-intensive goods production on the skill
composition of intermediate non-traded goods should also be taken into account. Doing
this yields a doubling of the estimate. Another doubling of the estimate is required to
account for defensive labour-saving innovation. To be clear about the latter doubling of
the estimate, trade/competition induced labour-saving technology change is meant.
Wood states it as follows: "Their search has been spurred by the most powerful of all
instincts - the urge to survive.."(p.159).52 In sum, a relative demand shift of 22% results
for those with more skills to those with basic education. Trade matters!

There are some serious limitations to the work of Wood. It is obvious that multiplying
the original estimate by four is rather arbitrary. Besides, the adjustments to the FCT
approachare not very transparent nor objective and they do not meet the critics on using
FCT expressed earlier.

A point raised by Baldwin (1995) is that Wood assumes similar technology, in a
TFP sense, and therefore overstates considerably the number of workers with basic

educationrequired forproducingthenow imported goods intheNorth. Lawrence (1994)
is also critical. He tries to ridicule the adjustments of the coefficients proposed by Wood
and states (p.14): "Suppose all the growth in US imports over the 1980s reflects imports
of products that where not produced in the United States in 1980 at all. Had imports
from developing countries not increased, therefore, Americans would have spent their
money on other domestic products..... which were not unusually labour-intensive..

Lawrence did not recognize the point that"non-competing" imports are not a static fact

of the economy. To illustrate this, we reiterate Wood's statement: "Northern firms have
ceased to produce many manufactured items currently imported from the South." (p.73,
italics added).

Feenstra and Hanson (1995) presented a stylized augmented Heckscher-Ohlin model that
rigorously represents the argument set forth above. They, however, change more

assumptions at once: besides dropping the 'homogeneity-of-goods' assumption they
allow for mobile capital.

52  Sachs and Shatz test for the assertion that low-skilled workers are shed from low-skilled intensive
sectors (this would show up erroneously in TFP), and indeed find a higher TFP growth in low-skilled
intensive industries. This would "add another few percentage points to the overall negative effects of
trade onemployment" (p.33). But they are unsure whether this is caused by increased importcompetition.
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Feenstra and Hanson (1995) notice the incompatibility of the relative wage trends
in the US and Mexico and the observed changes in factor intensities in production in the
US (see also Section 4.6). Instead of concluding that asymmetric technological change is
the principal cause they develop an augmented Heckscher-Ohlin model.53 The modelis
the Dombusch-Fischer-Samuelson (1977) model, amended to allow for unskilled and
skilled workers and capital. Final products are produced from a continuum of
differentiated intermediate goods that are tradable. These intermediate goods can be
ordered by increasing skill intensity. The division of production of intermediate inputs
over the countries in the relatively high and the relatively low skilled is determined by
four'endowments': the level of technological attainment (TFP), the capital endowment
and of course the skilled and unskilled workers. The essential assumption is that
imported goodsfromanindustry are (completely) differentfromdomestically produced
ones. Hence assuming an equal production technology across countries within a sector
is thought to be too restrictive.54

In the Feenstra and Hanson model foreign direct investment (FDI) or an
improvement in the technological abilities in a low-skilled-abundant country will
increase the relative wage of skilled workers in both countries! This result is easily
understood intuitively. The less-skilled-intensive part of the whole spectrum of
intermediate goods shifts from the skilled rich to the skilled-poor country; relative
demand for skilled workers increases in the skilled-rich country. For the skilled-poor
country these new intermediaries are relatively skilled-intensive ones, thus also in this

country the relative demand for skilled workers increases.

53 Markusen and Venables (1995) build a model with similar features, but a less transparent and more
ad hoc specified one. The model is driven by endogenous location decisions and the possibility of
outsourcing by multinationals. Their model is also able, if FDI is allowed for, to generate similar results
for relative wages as the Feenstra Hanson model.

54 To get some feeling for this deviating modelling approach it is useful to reiterate some crucial
equations: production of the final good is modelled as costless assembly of foreign and domestic
intermediates, according to a Cobb-Douglas production function:
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and intermediate inputs are produced (domestically or abroad) by:
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Part of the empirical contribution of the paper concentrates on the magnitude of foreign
direct investment. Usually approaches based on FDI or outsourcing are nipped in the
bud by stressing that the share of imports in purchased materials is too small, or that the
flows of FDI are insignificant in magnitude.55 Feenstra and Hanson argue that the
employed definitions for outsourcing are too narrow to assess the actual impact of the
possibility not to produce at home. The usual definition includes only materials, parts,
components and so on. One example might clarify why this definition, excluding
finished products and contract work, is too narrow. General Electric imports now allits
microwaves (from the Korean firm Samsung) and sells these under their own brand
name; this practice is excluded by the usual definition for outsourcing. So Feenstra and
Hanson propose to amend the definition and to include allintermediate and final goods
used in production or sold under a domestic brand name. Foreign direct investment in
Mexico increased between 1983 and 1987 by almost 1000%. Using the proposed
definition, they are able to explain 25% to 33% of the wage-bill share change of non-
production workers by changes in the import shares.56 In Feenstra and Hanson (1996)
new data are used and up to 50% of the wage-bill share increase of non-production
workers can be attributed to outsourcing.

A limitation to Feenstra and Hanson's work is that the reported regression is not
an actual test for their model but only a fairly general test of the correlation between
imported'inputs' and the wage-bill share of high-skilled workers.

Lawrence (1994) states: "If outsourcing is important the decline in blue-collar
intensity intheUS shouldbe associated withanincrease inblue-collar intensity abroad."
(p.23); the outsourcing model he has in mind is not clear, but clearly different from the
Feenstra and Hanson model. And he continues (p.23): "if global changes in technology
were dominant we should see parallel increases in the ratio of blue to white collar
employment in the US and in the rest of the world and similar movements in wages.

.

Taking the Feenstra-Hansen model into account this is not an obvious repercussion of
a global change in technology. Here we would suggest again that it might be the case
that a kind of babel like confusion is going on between those in favour of the biased-

55 See Lawrence (1994)

56 The average skill intensity of plants in Mexico remained almostconstantand the variance of the skill
intensity increased. This is exactly whatthe model predicts, see Feenstra and Hanson (1995). Feenstra and
Hansen (1995) also derive a'modified Stolper-Samuelson result'; for trade to play a role in increasing the
wage differential the domestic price should rise more than the import price. Empirically this is clearly
confirmed.
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technological-change explanation (that is hard to separate from trade-induced

outsourcing) and those favouring a significant role for trade.

6.2 Imperfect competition and rents: a new assumption
Perfect competition is a common assumption in the models relating trade to wages. A
notable exception to this extreme assumption is Borjas and Ramey (1993). They argue
that competition in parts of the economy is far from perfect and that the consequent

profits are shared with workers.57

Imperfect competition and rents: theory and evidence

Borjas and Ramey (1993) analyse what variables have the same long run trend as the

wage inequality series from 1968 to 1988. The only variable that does a good job is the
trade deficitin durable goods. R&D expenditures and de-unionisationhad very different
trends inearlier periods. The intuition is that durable goods industries are thought tobe

highly concentrated and therefore to generate high rents which are shared with their (in
majority less-skilled) workers. They provide a theoretical underpinning of this result. In
a Cournotian two-sector model, rents are dissipated in case of increased competition
(proxied by an increase in the number of competing firms). The concentrated industries
are relatively important employers of less-skilled workers. Therefore, a relatively small
increase in foreign competition is likely to have a large effect on wage inequality.

The theory is tested by applying the model to different regions in the US. The

magnitude of the inequality increase differs substantially between regions (a sufficient
immobility of workers is implied). In a regression 8 the strong correlation between

manufacturing employmentand skillreturnvanishes after controlling for time and area.
After disaggregating manufacturing according to concentration and vulnerability to

foreign competition, a strong negative correlation between high-concentration import
industries and the return to skill is found.59 Borjas and Ramey also pose the obvious

w Bound and Johnson (1992) also consider industry-rents shared with workers. They, however, apply
a closed economy framework and judge the evaporation of rents as caused by de-unionisation (that is,
a trade-independent explanation)

58 A Mincerian equation is estimated using CPS data for 1976 to 1990 divided over 44 metropolitan
areas. From this, standardised skill differentials are obtained. These are regressed on industrial
composition (the manufacturing employment share), a vector of area and period fixed effects, the rates

of unemployment and foreign born workers in the population and female participation rates.

59 These highly concentrated (import) industries, like primary metals, construction equipment. office
equipment aircraft and parts and so on, were in 1976 the important employers of less-educated workers.
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question whether the magnitude of the estimated coefficients is large enough to explain
the observed trend. Ten percent of the wage inequality change can be explained by the
change in the share of employment in high-concentration industries.

6.3 More factors: Capital as a relevant factor of production
Usually, the standard trade theory is presented in terms of capital and labour. Today
capital does not seem to be that important any more. Even mentioning capital in the
theoretical explanation is not necessary for Krugman and Lawrence (1993). Wood (1994)
argues thatcapitalisreproducible and tradable and states that"all theorists would agree
that this type of input cannot in itself affect the pattern of trade" (p.34). In itself the
argument mightbe correct but we are lookingat'akind of opening-up'. Sachs and Shatz
(1994) andFeenstra and Hanson (1995) disagree with the denial of therole forcapital and
suggest to add an initial lack of physical capital in the LDC to a similar framework as
presented in the discussion of the Stolper-Samuelson theorem. Now two sectors are

distinguished, one producing with capital and skilled workers and one with capital and
unskilled workers. The LDCs initially lack capital and skilled workers. Opening-up
would yield acapital flow from the US to the low-wage country resulting inthe US only
ina relative decline in the reward of the unskilled workers and increased imports of the
unskilled-intensive good (thus, only the weak version of prediction (1) and prediction
(4) in Section 4). This is not too hard to see. Facilitating possibilities for capital flows
result in a flow from the US to the LDC. That no skillintensity change occurs is obvious
as the construction of the model does not allow for it. Also a relative goods price change                              '
is not necessary. These issues are important because the rejection of Heckscher-Ohlin
theory (and, often, with it the relevance of trade) is based on the not coming true of one                           
of the predictions (2), (3) and (5).

Unfortunately empirical work with Sachs and Shatz' model in mind is not
available.

6.4 Many goods, many sectors

Specialisation
The Stolper-Samuelson predictions in case of specialisation are not unambiguous.
Though it is beyond the scope of this chapter to discuss the method used by Learner
(198D to determine the Stolper-Samuelson derivatives, it might be useful to stress the

This percentage showed a steep decline alongside their wages towards 1990.
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basic message.6  The basic message bearing on the Stolper-Samuelson theorem in a 3 x

n (factor x goods) model is that the results hinge on the specialisation pattern of the

country under consideration. Or, stated differently, the logic of the Stolper-Samuelson
theorem ceases to be rectilinear if:  " (a) some non-produced goods rise in price relative
to produced goods and some fall, and/or (b) the prices of produced goods change
relative to each other and relative to some non-produced goods' prices" (Ethier, 1984,

p.145). This neednotbe a theoretical exception recalling the remarks in Section6.1. There

we argued thatcertain goods withinnarrowly defined industries ceased to be produced.
This would imply thatcomplete specialisationwithin industries on slightly differentiated

goods or on stages of the production is not unlikely. Empirical work taking this
modification explicitly into account is not available.

More sectors: a sheltered sector
Advanced economies usually incorporate a sector sheltered from foreign competition
that amounts to at least half the economy. Does, taking the sheltered sector into account

explicitly, alter the predictions?
In theory,61 adding a non-traded goods sector does not alter the basic results. As

long as there are at least as many goods as factors produced in both countries, factor

prices are derived from zero-profit conditions and the price of the non-traded good
adjusts correspondingly. In case of specialisation the strict logic is againbroken. Learner

(1996a) also discusses two cases. In the first case (without specialization) international

prices set factor prices via zero-profit conditions, the marginal demand for labour is
'external'. In the second case the economy specialises in one traded good and the non-
traded good and the marginal demand for labour is said to be'internal' (and thus a trade
deficit for example matters).

This last case is probably implicit in Cooper'$62 mind when arguing: "labour is
shed from the tradable sector even with flexible wages (because goods are non-
homogeneous, specialisation is very likely).63 The question then becomes: How good is
the economic system at absorbing the released labour with little decline in wages?" This

60 Chapter 10 shows the procedure to derive Stolper-Samuelson derivatives with three production
factors.

61 See for example Komyia (196D.

62 In a comment on Krugman (1995a).

63 The remark in parenthesis is also from Cooper but added in this quote.
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is a highly relevant question if the manufacturing size declines substantially; how much
of a wage decline do workers have to accept to be absorbed in the non-traded sector.

7. Remaining issues

Our main focus is onthe empirical assessmentof potential explanations forthe increased
education premium. There are, however, some approaches that deserve attention
although the ideas offered are not empirically scrutinized. The remainder of this section
provides an impression of possible interesting ways to proceed (in empirical or
theoretical work).

Bhagwati and Dehejia (1994) reject the Heckscher-Ohlin theory as the assumptions are
judged to be unrealistic. They provide three alternatives theories that are not yet
empirically examined. The impact of trade on the domestic economy is different from
that inHeckscher-Ohlin theory, where the level of the terms of trade iscrucial. The three

arguments, by which a more integrated world causes inequality, all start from the basic

premise that the increased integration of the world causes a higher volatility in the terms
of trade. The first mechanism runs from higher volatility (more sudden shifts in
comparative advantage on a sectorallevel) to higher labour turnover to more frictional
unemployment and a flatter earnings growth curve due to less skill accumulation by
learning by doing. Bhagwati et al. call this the"rolling stones gather no moss" approach.
If this works out asymmetrically betweenhigh- and low-skilled workers, as higher skills
are less firm specific, an increased wage differential results. A second approach takes a
similar starting-point (increased uncertainty) but focuses on education, i.e. the supply of
skilled versus unskilled workers. Becoming skilled requires sunk investment cost.
Increased uncertainty makes workers less reluctant to upskill and enlarges the
sustainable wage differential. We have already seen, however, that supply changes
cannot tell the whole story. Finally and moreconventional, in a dual economy withonly
one unionised sector"good" jobs are lostby terms of tradechanges that negatively affect
the competitiveness of the unionized sector. In the US the impact of competitiveness on
union power is reflected in a smaller intersectoral wage differential and in Europe in a
decline of the number of insiders. Bound and Johnson (1992) have already shown that
this mechanism is not very relevant.

In the previous section we spent a lot of words on arguing that the assumption of
identical or homogeneous production functions within specific industries over time and
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across borders is too strong. Rosen (1981) explains increasing inequality by arguing that
the assumption of homogeneous production factors within specific subcategories on the
labour market is too strong.

The 'superstar' model, illustrating his argument builds on two basic blocks,

increasing returns to quality and decreasing production costs to scale. Some results: the
larger the market the more important returns to scale are (Rosen connects these with
increased communication and transport possibilities) and this produces more skewed
income distributions. Rosen provides therefore anexplanation for the increase in overall

inequality. When there is some asymmetry for different skill types in this mechanism,
this provides a potential explanation for the increase in the relative wage of high-skilled
workers. To illustrate the asymmetry we have in mind: think of a surgeon and someone
doing assemblage. Assume a type A and a type B of the surgeon and the assembly
worker. Surgeon* A gives you 10% additional chance to survive compared to B and the

assemblage worker A is 10% quicker than B. You are probably willing to pay 10% more
for assemblage worker A than B, but probably 50% more for surgeon A than for B?

Reich's book on The Work of Nations (1992) discusses growing inequality of workers
with different types of jobs. Empirical work is not discussed explicitly, but as Reich
seems to have strong ideas about the topic it is worth discussing part of the book.

Convincingly, Reich stresses that the traditional job classification utilized by the
Census Bureau is not suited for analysing issues connected with ongoing globalization.
Argued is that the employer type is no longer relevant for analysing future prosperity
but that the type of work that is performed is what matters. A new categorization is

proposed: workers carrying out routine production services, in-person services and

symbolic-analytic services. The routine productions workers are workers performing
routinenous jobs, like blue-collar workers and low- and middle4evel managers and data
processors. The in-person service workers perform also routinous jobs, but the nature
of the service requires personal interaction. Symbolic-analyst perform complex jobs in
solving and identifying problems. Think of researcher, certain lawyers and accountants
and so on. The latter two categories of workers are rising in number while the former is

declining. Reich foreseesaquick globalization: "Ina veryfew years, there willbevirtually
no way to distinguish one national economy from another.." (p. 172, italics added). This
process, directed by declining transport and conununicationcosts is evaluated as to have
inherent advantages forsymbolic-analysts, as their jobs are most highly rewarded inthe

w Think of lawyers and accountants if you wish.



64 Chapter 2

world. The routine production workers see their jobs relocated to Asia, Latin America
and so on. The in-person service workers are protected largely from global competition
but they face increased competition from former routine production workers and
(il)legal immigrants. Besides the indirect competition also labour-saving technology is
negatively affecting prosperity of in-person service workers. But in this part of the
economy new jobs are generated easily.

Reich tells a story (rhetorically excellent) of FPE: transport and communication
costs are negligible and symbolic-analysts are relatively scarce in the world. Essentially
he endorses the trade explanation.

8. General discussion and conclusion

It is time to evaluate the evidence presented. The facts are indisputable. Despite increas-

ing relative supply of skilled workers the evolution of factor rewards has been beneficial
for the more skilled. Thus, somehow an explanation needs to be given for the fact that
factor demand has developed in a direction favourable to skilled workers.

It might be necessary to repeat the aim of this chapter. There is a whole palette of
potential explanations for the increase in the relative wage of the high skilled available:
education, trade, immigration, de-unionisation, technological change, deregulation and
so on We want to sort out how much room there is for both the technology-based

explanation as well as the trade-based explanation. It appears that trade has been taken
of the table as a potential explanation. We argue no more than that a significant role for
trade cannot be excluded on the basis of the available evidence. Thus we put trade as a

potential explanation back on the palette of explanations alongside others; including
unfavourable technological change for low-skilled workers. To corroborate this general
conclusion, several arguments willbe put forward. First willbe stressed why we are not
fully convinced by technology as the very dominant explanation in itself. Second,
subsequent arguments for rejecting the role for trade are disputed.

The first reason fornot being eager to accept the'technology related' explanation
is the following. Technology is just what we observe as an unexplained residual.  Even
one of the opponents to the trade explanation is critical with respect to the offered
alternative; Krugman (1994b, p.148): "If trade doesn't explain the rise in inequality, we
are left primarily with the all-purpose explanation known as'technology'." There is no
need to push this any further. In remainder the discussion will be set forth like it is
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between the opponents Of the trade explanation and opponents of the technological change

explanation.
The second reason for being hesitant in accepting technological change as the rel-

evantalternative, is thelow discriminative powerof the offered direct tests, like the ones
by Bartel and Lichtenberg (198D, Mincer (1991) and Berman et al.(1994). In Section 6.1

we argued that the significant relation between skill-upgrading and technology might
equally well reflect outsourcing of low skill / low tech elements of the production
process.

A third issue is the unlikeliness of the biased technological change explanation
viewed in the light of the sluggish productivity increases since the early 70s. Is there a
reason for weak productivity growth to be biased strongly against unskilled workers?65

Summarizing the arguments: technological change is a residual'explanation' and what
is claimed to be evidence for technological change might equally well favour the trade

explanation, as outsourcingand biased technological change are to a considerable extent

observationally equivalent.

Next we will reconsider subsequent arguments that were brought on the scene by oppo-
nents of the trade hypothesis.

It is argued that in the 80s the shift in factor demand was for a vast part a shift that
tookplace withinsingleindustries, indicating that trade-induced goods demand changes

had not come into play (Katz and Murphy, 1992; Berman, Bound and Griliches, 1994).
For two reasons this argument is not convincing. First and most important as claimed
above (see Section 6.1), the common statistical classification of the data is not suited to

distinguish between and within industry shifts. Second, as stressed by Baldwin (1995)
and Baldwin and Cain (199D, the issue at hand should be analysed in a general equilib-
riumframework. That learns thatwithin- and between-industry shifts occurboth incase
of technological change-induced and trade-induced reallocation.

Furthermore there are tests related to the magnitude of international trade
relations. The volume of trade, an argument used by Krugman and Lawrence (1993), is
rather uninformative. As stressed by Bhagwati (1991) ex post trade volumes are not
informative to assess the role for trade. If the situation on the world market changed
dramatically it can be so that despite (and due to) huge internal adjustments, trade

M Krugman (1995b) tests whether the technological explanation is internally consistent given the total
factor productivity growth over the last 20 years. Concluded is thatthe technologyexplanation is feasible.
Chapter 4 corroborates this and shows that it is actually likely that a bias in technological change is
accompanied by sluggish productivity growth.
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volumes have not changed. Related calculations, using the FCT approach, are not very
informative from the perspective of the Heckscher-Ohlinmodel. The Stolper-Samuelson
theoremconnects factor prices withinternational pricechanges. Quantity changes do not
enter the formulation of the theorem. The FCI' is determined by the equilibrium
conditions forthe factormarkets (Learner, 1995). Furthermore, deviations frombalanced
trade are also muddling up FCT calculations.

Next there are tests that are actually clearly related to the Stolper-Samuelson
theorem. For example the tests on factor intensities within industries, shifts in
employment between industries and goods prices. We can summarize our arguments
on the unreliability of these tests of the Stolper-Samuelson theorem as follows. First the
habit to treat industries, that are classified for statistical purposes by goods type, as an
homogeneous entity with single factor-input requirements is obfuscating the analysis.
Second, as the Stolper-Samuelson theorem is formulated with unchanged endowments
it is necessary to keep in mind that this has not been the case. And finally we want to
emphasize the difficulties in measurement once again (for example, measuring skill).
Next is briefly explained how the here summarised arguments might muddle up the
detection of the Stolper-Samuelson predictions in the data.

Summarising: the two research directions followed after the disappointing results with
the basic 2 x 2 x 2 Heckscher-Ohlin model - searching for evidence for biased
technological change and amending the trade model -lead to the following conclusions.
First for both the trade and the biased-technological-change explanation is still
considerable room. Theevidence in favour of the tradeexplanationis flimsy. We pointed
Out however, that several conceptual difficulties complicate proper measurement. The
most important difficulty is to distinguish trade-induced outsourcing from biased
technological change. A possible solution out of this deadlock is to analyse the role for
trade in a general equilibrium model; an approach we will follow in Chapter 10. The
difficulty to distinguish the outsourcing explanation from the biased-technological-
change explanationalso hampers the trust one can have in the evidence saying to favour
the latter explanation. Moreover, most literature pushing the biassed-technological-

change explanation does so by default. This type of explanation - actually an
'explanation' based on ignorance - would gain considerably in power if the bias in
technology could be explained itself. This is an issue to which we turn in the Chapters
3,4 and 6. In these chapters we will develop structural models that explain how a bias
in technological change comes about.
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A GPT in a Research and
Assimilation Model

Exploring Wage Dynamics (I)

Abstract
Where is the productivity growth from the IT revolution? Why did the skill premium rise sharply in the
early eighties? Are these phenomena related? This chapter examines these questions in a general
equilibrium model of growth. Technological progress in firms is driven by research aimed at improving
the production technology and by assimilation of ideas or principles present outside the firm. A new
generalpurpose technology, likethe IT revolution, generatesan initialslowdownineconomicgrowthand
an increase in inequality. So, these phenomena are explained by a single cause.

  This chapter is based on Nahuis (1998). I am indebted to Theo van de Klundert for suggestions and
encouragement. Suggestionsandsupportbyjan Boone, BasJacobs, Patrick Francois, HenrideGroot, Niek
Nahuis, Sjak Smulders and Harald Uhlig have improved the chapter. Lex Meijdam is gratefully
acknowledged for providing the shooting package.
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1. Introduction

Computers are now used in the production process of virtually every good or service.

Moreover, production of numerous new goods and services has been made possible by
the advances in computer technology. The pervasiveness of computers makes one
wonder whether the invention of the semi-conductor, the heart ofcomputer technology,
did mark the beginning of a new industrial revolution. However, despite the
omnipresence of information technology (IT1), the 'revolution' does not seem to have
brought a revolution in productivity development. Or, to summarise the so-called
productivity paradox: "You can see the computer age everywhere but in the
productivity statistics" (Solow, 1987).2

Did the IT revolution lead to increased inequality? Though the massive
introduction of computers did not bring spectacular productivity gains, it seems to have
lead to increased inequality on the labour market. The increase in inequality between
skilled and unskilled workers is an undisputed empirical phenomenon. To explain this
phenomenon the three main suspects are education, trade with low-wage countries and
technological change. Educational attainment has increased, so that explanation seems

to go in the wrong direction.3 Trade does not seem to account for a large part of
increased inequality: So technology is left to explain the remainder. The obvious
candidates causing the bias in technology are computers and IT: So computers seem to
have increased inequality without paying off in terms of productivity. Is there a relation
between these observations?

The story this chapter tells is simple. The computer is not simply a new gadget
that is installed and improves productivity. The computer technology opens new
opportunities with respect to the organisation of work and the innovative process. The
fullbenefits of the ITrevolutionarenotrealised immediately. Ittakes time and resources
to see and learn about the possibilities the new technology offers. Up to now, the

i Computer and information technology are used throughout this thesis interchangeably to indicate
information processing equipment software and applications of microprocessors in general.

2Manyobserversarguethatinthelate90stheparadoxevaporated,asproductivitygrowthaccelerated.
This is exactly what this chapter predicts. Though, admittedly, the acceleration in productivity growth
is largely driven by the computer-producing sectors (see Chapter 1).

3 Chapter 6, however, shows that this intuition is not necessarily correct.

4 See Chapter 10 for an analysis that assesses the maximum impact of trade.

5 See Krueger (1993) for evidence on the wage premium due to computer use. For a more thorough and
extensive discussion of the potential explanations for the increase in wage inequality, see Chapter 2.
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computerstillimitates a paper-oriented culture and discoveries ofnew opportunities are
stillbeingmade. Implementationof suchatechnology, which iscalled aGeneral Purpose

Technology (GFI), takes place throughout the economy and typically generates a cycle.
For analysing such a learning process it is useful to think about the process driving
technological progress in a more subtle way than the one-dimensional perspective that
usually suffices.6 Imagine a firm where a part of the workforce has tasks with explicit

learning possibilities and hence that these workers carl generate improvements in
production technology: What happens when a technology like the semi<onductor /
computer arrives? First the R&D workers assimilate the opportunities the technology
offers, that is, for example, office clerks play with e-mail and surf the Internet to find out
what is in it for them. Once the R&D workers assimilated the opportunities the new
technologyoffers, thisinvestmentpays-off inmore efficient development of firm-specific

applications of the GFT. That is for example: e-mail turns out to be an efficient way of
communicating and the Internet appears to be a productivity enhancing source of
information for office clerks. So what goes on is that a GFI' initially distracts R&D
workers from directly productive R&D, what causes growth to slow down. But once the
opportunities of the GFI' are recognized, research is more effective and growth
accelerates. Moreover, assuming that skilled workers have an advantage in research,
learning and assimilation implies that the introduction of computers increases the

relative wage of skilled workers too (Bartel and Lichtenberg, 198D. Hence the two
observations are related!

The purpose of this chapter is to argue that with a more realistic formulation of
the learning process the introduction of a GFT generates a slowdown in productivity

growth without (large) fluctuations in R&D labour (as these are empirically not
observed). Moreover, the chapter demonstrates that sluggish productivity growth and
increased wage inequality mightberelatedphenomena. Actually thechapter shows that

the two observations are the consequence of one and the same thing: a GFT.

Thechapter proceeds as follows. The next section discusses the literature on GFrs
and growth cycles. In Section 3 the learning process outlined above is embedded in a
model withskilled and unskilled workers. Section4 analyses the steady-state properties
of the model. Section 5 analyses the long-run impact of a GFr, whereas in Section 6 the

6 In most endogenous growth models a single R&D activity generates blueprints. see for example
Grossman and Helpman (1991).

7 These workers are called R&D workers in the remainder but you might want to think of these in a
more broad sense as all workers who experience substantial learning possibilities in their jobs, including
for example most white-collar workers (Chapter 6 is more elaborate on this perspective).
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impact effects of a GFI' are analysed numerically with a calibrated version of the model.
Section 7 concludes.

2. General Purpose Technologies

Economic growth's most important driving force is technological progress.
Technological progress in turn seems to be driven by a few major technical or
organisational breakthroughs. Examples are: the concept of a factory as a way of
organizing work, the steam engine, electricity and the transistor. These concepts, mostly
breakthroughs in engineering, have turned out to be widely applicable throughout the
economy. Application of such a generic function in a specific context requires
investment. Most of the applications of the, what later turned out to be, general concepts
have never come to the minds of the original inventors. Only slowly the possibilities
were recognized and the GFI's themselves improved over time. Some common features
ofGFI's canbedistilled fromtherichdescriptive material provided by David (1989,1990
and 1991). David compares the general purpose engine of the previousfin de siecle, the
electrical engine, withthecurrent one, the informationtechnology, and findsremarkable
parallels. Analogous are the sluggish labour productivity growth at the turn of the
century, the constancy of real wages and the fact that a new technology was introduced
everywhere but did not contribute to recorded productivity growth. As the macro-
economic tendencies at the end of the previous century seem similar to today's, we
might learn from understanding why no productivity gains from early electrification
were recorded.8 First it took some 20 to 30 years before the adoptionof electrical engines
was substantial. Second, early adoptersused electricitydriven systems that were backed
up by mechanical power derived from steam or water.9 The third explanation is crucial
for the aspects of technological change we focus on. It turned out that substantive
productivity gains of electrification were only accomplished once it was recognized that
factories could be designed in a previously unthinkable way and hence work could be
organised much more efficiently. Illustrative evidence for this claim is that early
applications of electrical engines were used to lift water back up to the top of the water-
wheel. While at the same time keeping the factory organised by the restriction that all

' At that time, as today, measurement problems might have played a role. The replacement of gas
lightning by electrical lightning improved brightness, safety etc. without directly affecting recorded
productivity.

9 Hence, ifanything, recorded labour productivity mighthave increased, notTFP, asthecapital-labour
ratio increased due to a 'double' capital stock.
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machines needed to be connected by belts to the single power source. David (1989, p.23)

argues that"Theadvantagesof the unit drive [that is for every machineaseparate power
source, RN] for factory design were manifold, extending well beyond the savings in
inputs of fuel...". Hence, an appropriate way of looking at a new GFT might be that it

10fuels innovation.

The key ingredients of our model, that copes with the diffusion process of GPTs, as
described byDavid (1991) and Bresnahan and Trajtenberg (1995), are the following. The
first characteristic of a GFI' is that it is potentially beneficial to all firms. In the model a

GFI' generates new possibilities for innovation in all firms. The second characteristic of
a GFT is that firms have to invest in assimilating the nature of the new GFT before they
canputeffortin developinguseful applications of the GFT. Hence we model assimilation
of new ideas out of a pool of knowledge (including a GFI' and spillovers of other firms'
research activity) that yields a stock of accumulation capabilities. This stock is a
necessary input to research for directly applicable knowledge. For this type of research

to remain a viable activity, the stock of accumulation capabilities should grow. For an
earlier application of the two-stage research structure, see Rustichini and Schmitz

(1991).11 Finally, fruitful application of the GFI' by a specific firm generates spillovers
that may interact with the GFI'. This indirectly implies that an inherent potential for

improvements of the GFI' exists (that isthethirdcharacteristic David attributes to GFI's).
We examine cases with and without a positive interaction effect. Finally, the model

distinguishes two types of workers: skilled workers that are fully specialized inresearch
and unskilled workers who only produce.

2.1 Related literature
The dynamics of a GFT have recently been analysed formally by Helpman and
Trajtenberg (1994, further HI'). They develop a general equilibrium model where GFI's

require complementary inputs before they can be applied profitable in the production
process. Complementary inputs developed for a previous GFI' are incompatible with a
newly arrived GFI'. The invention of complementary inputs requires a fixed labour
input. The arrival of subsequent GFTs causes cycles. A typical cycle consists of two

phases, a phase where firms produce final goods with the old GFI' and components are

10 Bresnahan and Trajtenberg (1995) cite Griliches' study of hybrid com. Hybrid corn is a technology
that generated completely new possibilities in the field of agriculture: "Hybrid corn was the invention of
a method of inventing, a method of breeding superior corn..." (p. 501, 195D.

11 Rustichini and Schmitz (1991) use such a structure to analyse optimal technology policy. The
structure of this learning process resembles the idea of learning to learn, see Stightz (198D.
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being developed for the new GFr, and a second phase where final goods producers
switch to the new GFI' and the development of components for that GFI' is continued.
A consequence of such a technology cycle is that GDP declines in the first phase, as
workers switch from production to research to invent new inputs, and increases again
in the second phase once the new technology is implemented.1213

Our analysis is in the spirit of the work by HT but deviates in the mechanisms
driving the application of a new GFI' and differs importantly in the empirical
implications. The mechanism this chapter introduces is new in the literature on GFI's
and growth cycles. The first difference is that in our model existing firms have to cope
with the new GPT instead of new firms as in HT. In this sense our analysis is
complementary to HTs.

The second difference is that we analyse the process of implementation instead
of the decision to adopt. Several approaches using vintage-type models to analyse the
decision to adopt have strong similarities with each other. For example, adoption of a
technologyinvintage-capital modelsgeneratesgrowthcycles due to the assumptionthat
the starting level of expertise in a new vintage depends negatively on the pace of
technologicalprogress. The IT revolutionis seen as a positive productivity growthshock
ininvestment-specific technology, seeGreenwoodand Yorukoglu (199D and Yorukoglu
(1998).14 Helpman and Rangel (1998) provide a different perspective by analysing the
decisionofworkers to adoptanew technology. Workers areheterogeneous withrespect
to their experience witha previously dominanttechnology. Similar to the vintage<apital
models, a slump occurs if the efficiency of workers who start using the new technology
islower thanwith theprevious technology. Further, aslump ismore likelywhenalarger
proportionof the workforce switches (the latterispositively related to the learningspeed
withthe new technology). Slightly different again, heterogeneity in firms' productivity,
combined with learning by doing in the capital- goods producing sector (instead of

12  An extension of the model where skiHed workers are specialized in research and unskilled workers
in production allows analysis of the skill premium over the cycle. In the first phase, the skill premium
increases, in the second phase a non-monotonic pattern prevents derivation of unambiguous results.
Unattractive features of this version of the model are the decline of real wages of skilled workers in the
second phase and the fact that there is no allocation decision what so ever; skilled workers produce new
components and unskilled workers produce final goods.

13 Eriksson and Lindh (199D endogenisethearrivalrateof GFI'sand allow for intertemporal spillovers
in the HI framework. Helpman and Trajtenberg (1996) analyse the diffusion of GFrs throughout the
economy over heterogenous final goods.

14  The IT revolution thus induces an increased renewal of plants. These plants all need to master the
technology, yielding a temporary slowdown in growth and an increased skill premium as implementation
and learning are skilI intensive.
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workers using the technology), could possibly generateaslump (Felli and Ortalo-Magna,
199D· A slump is not necessary, however, as the most productive firms switch

immediately and increase output. Thiscounteracts the fact that the least productive firms
lower investment in the old technology. If the first effect outweighs the second, the
arrival of a new technology will be followed by a boom.

15

Third, the R&D process in our model differs from the literature. In our model
research increases productivity as is common in the literature. Moreover, assimilation

activity to comprehend new ideas is required to keep up the research potential. Ort the
one hand this two-stagelearning process resembles other approaches with two different
types of R&D, as R&D-labour can perform different types of research. However, our
approach contrasts these approaches in the sense that in other approaches firms have to
decide either to aim at breakthroughs or to aim at improvements, as in our model the
research activities are complements instead of substitutes (Cheng and Dinopoulos,
1996).16

Fourth, this chapter integrates the income-inequality puzzle with the
productivity-paradox puzzle. Greenwood and Yorukoglu (1997), exceptionally, also
analyse these phenomena in unified framework but they have a very different

perspective on the arrival of a GFL as stressed above.17

Finally, this chapter adds to the literature by analysing the short and long-run
impact of different types of GFTs; GFTs that interact with the existing knowledge stock

and GFrs that do not.

The (empirical) implications of our model are substantially different from the existing
literature. First no reallocation fromR&D to production is required to generate a slump
in productivity growth. The empirical implication of the HT approach is that the
occurrence of growth cycles should be accompanied by strong fluctuations in resources

13 The adoption of the diesel locomotive in the US was not associated with an initial slump in output.
Other factors in the model that counteract a decline in output are the price decline on the second-hand
market for capital goods and the more intense use of old capital. Both might have been relevant for the

example.

m Cheng and Dinopoulos generate growth cycles by an R&D sector that can target either on
breakthroughsorimprovements. If thereturn to improvements does notquickly diminishabreakthrough
will be followed by a sequence of improvements, hence generating a cyclical pattern. See also Jovanovic
and Rob (1990) on extensive and intensive search. Stein (1997) models two dimensions along which
technology improves. Incumbent firms increase their lead over potential entrants in one technological
dimension by learning-by-doing. Once this lead is substantial, only very favourable circumstances induce

potential entrants to enter, who, by doing so, make future entry much more likely (this mechanism

generates an uneven growth pattern).

" Galor and Moav (1998) focus on within-group wage inequality.



76                                                                                                                                       Chapter 3

devoted to R&D. However: "...fluctuation in research and development and in
employmentofresources arenot large [...] enoughto explain significant and progressive
fluctuations inoutput" (Felli and Ortalo-MagnO, 1997, p.4).18 Andolfatto and MacDonald
(1998) also need too large fluctuations in R&D labour to replicate post-WW-II data in a
model where technologies that differ in quality and difficulty to acquire are innovated
or assimilated. Our model shows that it is possible to generate growth cycles in an R&D
model without large fluctuations, actually no fluctuations at all, in R&D labour.
Secondly, our structure generates a slowdown inoutput growth, along theintroduction
of a superior technology, without the necessity to assume creative destruction,
forgetting, or some kind of incompatibilities.

3. The model

The impact of the emergence of a new general purpose technology will be analysed in
a general equilibrium model.

3.1 Description of the model
The model economy consists of a 'large' number of firms, N, that each produce a
differentiated variety of a consumption good. Firms are located equally spaced on a
circle. The closer they are the more similar their knowledge. The economy is populated
with H skilled workers and L unskilled workers who both supply their labour fully
inelastic. We will consider the case of symmetric industries. In a symmetric allocation
every firmcan allocate I/Nand H/Nworkers; denote the former LN and the latter HN• The
remaindershows that the analysis mightbe expressed interms of therepresentative firm
and consumer as the number of firms does not play a role. Consider a representative
firm i, indexed IE/l,...,Nj. Firm i produces good i with a linear production technology,19

xi =fL,   ·                                                                                                                                                                                                                        (1)

Unskilled labour, L, produces good x with productivityf Notice, for later reference, that
the production technology features constant returns in the traditional production factor,
labour. The stock of productive knowledge is firm-specific in the sense that only firm i

18 This point was first made by Aghion and Howitt (1996).
19 Time subscripts are not introduced where it leads to no confusion.
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is able to produce with knowledge stockf.m Firm i accumulates knowledgeby investing
in R&D using the following technology:

fi=Af(fH ,)1-0 kia , 0<a<1  .(2)
Afis a research productivity parameter, HR is skilled labour devoted to research activity
and k is the stock of accumulation capabilities. Several features of this specification are
worth noticing. First the technology for accumulating productive knowledge exhibits
decreasing returns tof This implies that relying fully on internally generated experience

0 is insufficient to keep growth going.21 Hence, as the amount of labour is assumed to
be fixed, to have growth that does notpeter out accumulation capabilities should grow.
The second feature is that there are decreasing returns to labour in knowledge

production. That is, unlike the production technology for goods, a replication argument
does not hold here. Hence, given the amount of assets (fand k), doubling the amount of
labour at a point in time does not lead to a twofold increase in the flow of new ideas or
productive knowledge (cf Jones, 19951)).22

Accumulation capabilities serve as an asset in the research process for new
productive knowledge. These capabilities are accumulated according to:

, =Ak 11 fl ' k,
k, H,li  '  9>0,A c l  ,                                                                                          (3)

A

whereAkis the parameter governingthe productivity of the assimilation technology and

HA is skilled labour engaged inassimilation. Z is the knowledge pool available to a firm,
this knowledge pool is 'filled' with the latest generation of the GFI' and knowledge
spillovers. Spillovers are the more general principles, developed as a byproduct of
research for firm-specific knowledge, that are indirectly useful for other firms. As only
symmetric equilibria are considered, we can, without loss of generality, assume that a

single general knowledge pool exists, hence no firm index is added. The term between

20 This can be motivated by assuming that the effective application of knowledge is only possible if a
firm has developed knowledge by own R&D. Alternatively, patents could take care of monopolising the
knowledge stock.

21 For most readers the most nearby example, to make the discussion less abstract is doing research
while only reading own previous work. It will be clear that in the end the effective additions to your
knowledge stop.

22 Again take the academic example: if you are working on a paper with three co-authors adding
another four authors will not double output.
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parenthesis, Z/k, isthe'learningpotential' or'knowledge gap': the size of the knowledge
pool relative to the firm's accumulation capability. As ip is positive, a larger learning

potentialimplies more effective assimilation. Consider two cases withrespect to 9. First
if ip> 1, 'fishing out' applies. The most effective ideas, or equivalently the most obvious
ideas, are 'fished out' of the common knowledge pool first. In that case the more
accumulation capabilities a firm has, the harder or less effective further assimilation will

f,                                         f 

t t
C- research

/]''   11  f,-i D *.

A

-assimiktionrh ,-
Iz     H   ''  r */ *0

4

knowledge pool

GP4 GPT,„t

Figure 1. Structure of the model

be (ak/ak<0).An alternative hypothesis is that firms learn to assimilate, reflected in 9
<  1.  Then more accumulation capabilities imply easier assimilation;   Dk/ Dk>0.The
specification features decreasing returns in Z and k together if A is less than unity. One
might expect that assimilating existing knowledge is an activity where doubling the
amount of human input leads to doubling the output.23 Therefore, the specification for
assimilation again reflects the replication argument. Figure 1 provides an overview of
the activities of firms 1 to N. For firm 1 the dashed arrow indicates the knowledge

spillover generated by research that implements the GFI'.
In the knowledge pool, spillovers from productive knowledge of other firms and

the GFI' play a role.24 The knowledge pool with the GFI' of generationj looks like:

23 To continue the academic analogy: the outputof writing summaries of books and papers is doubled
when the input is doubled.

24 The number of firms is not an explicit argument in Z as it is fixed throughout the analysis. An
alternative motivation could be that all firms have access to an unweighted average knowledge stock and
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Z0=Z(fi,····4'QO)) ·                          (4)
Note  that Ze changes gradually  over  time  due to changes in f  for all  i.  QU)  is  the
effective quality of the GFI' of generation j. We assume amf and anaQ>0. The
invention of a next generation GFI' occurs serendipiditously and hence is unexpected
and does not require resources. A more extensive discussion of the function Z is
postponed until Section 5.

Table 3.1 Producer Behaviour
Producer i:

CO

max  V,=fe -rt{xitpit-(HR,1+HA,t)wH,-L,twit)dt                       (5)
0

subject to: (1),(2),(3),(15) and Hp, 2 0, HA, 2 0.
First-order conditions (f. o.c.) are:

22f.0 e WL
aL                                                    Px,-                                                                                                                                                                  (6)

E-1 f

-22£ =o
-- -a  ,1 -a.   a

(1 -a) % AftiRi  L      Ki   =WH                                                                       (D
8HR

32f. -0 qi, Ak  Z'Pkil-q' A =WH                        (8)
BHA

89{ WLL*.4=rqf' Grr]-aia .
f +(1-a) A fi- MR, Ki +qf =rqp                  (9)

8:}{

-ak-+ ki
-rqk' aqjiAfg,HR') 1-akia-1 +A (1 -cp) qk, Ak Z g k,3-1 -'PHA,

(10)
+4ki =r ki

hence  N is irrelevant. De Groot and Nahuis (1998) analyse the interaction between  N and f in  a  much
simpler framework. Peretto and Smulders (1998) analyse the interaction between spillovers and changes
in the number of firms.
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Producer behaviour is summarised in Table 3.1. Producers maximize the value function

V indicating the present value of the firm, subject to the technical constraints discussed
above and a downward sloping demand curve familiar to preferences with goods that
are imperfect substitutes. The Hamiltortian of the formulated maximisation program is
denoted by  9£ We focus on interior solutions, hence the inequality constraints are not

binding (for a discussion of corner solutions, see Appendix C).
First-order condition (6), derived from the optimal use of unskilled labour or the

optimal supply of output shows that firms set a mark-up over the unit labour cost. The

mark-up is inversely related to the price elasticity, e. Optimal allocation of skilled
workers inboth the research and the assimilation activity requires the marginal cost WH,
to equal marginal return (the 1hs of equations (7) and (8)). The marginal product of
skilled workers is the marginal increase in the productive knowledge stock, valued at
the shadow price, qt The 1hs of (8) shows the marginal product of skilled workers in
assimilation; the shadow price qk times the marginal addition of accumulation

capabilities. The marginal return of assimilation is increasing in Z and increasing
(decreasing) ink if 9 smaller (larger) than unity. The no-arbitrage condition (9) says that
the return of investing qfin the financial market should equal the return of investing in

productive knowledge. The latter consists of three parts. The first part on the 1hs of
equation (9) is the direct benefit of a marginal increase in productive knowledge: the
marginal increase in the value of production, axp,/3825 The second term is the increase
in the knowledge base, again valued at the shadow price. The third term is the capital
gain term. The second no-arbitrage condition, (10), has a completely analogous structure.
The first term on the 1hs is the direct benefit of a marginal increase in accumulation
capabilities,  that  is, the increase  in the value of productive knowledge,  8/14/ ak.  The
second term is the change in'fishing potency'. If'fishing out' applies (9>1) this term is
negative, indicating that accumulation of k today implies cet. par. a lower return to
assimilation tomorrow. The third term is again a capital gain term.

Preferences and consumer behaviour are standard and presented in Table 3.2.

Maximising the CRRA utility function subject to the wealth accumulation constraint

yields the familiar Ramsey rule. 8 and 1/p denote subsequently the pure rate of time
preference and the elasticity of intertemporal substitution. In the second stage of the
budgeting problem, consumers decide on the division of their spending over different
varieties at each point in time. A downward-sloping demand schedule for each variety
(equation (15)) results. Symmetry of firms, hence prices, results inauniform distribution
of spending over the differentiated goods.

25  This is easily seen combining equation (1) and (15)
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Table 3.2 Consumer Behaviour ab

=

max  U= fe -0' -1-X,1 -pdt
(11)

J   1-p

(      N    £-1 \ 1
1 1 r.-ele-1 (12)

where X, =N< •KiL x,1   J

Yields:

f..;{(,-Px/Px)-el                                                                                  (13)

Where:

P, -< "   N      1 -' | T=                                                                                               (14)
Ip*,

(1=1       3

( x. -1D 1 -il E (15)px,-4 X< X 
a Fora discussion of the financial market and equilibrium asset holdings in this type of models see Van de
Klundert and Smulders (199D.b In symmetric equilibrium: Px=p,· and XPX=NIP,; we normalise N to 1, hence
X=X.

Consumer preferences, presented in Table 3.2, imply that variety as such does not play
a role.26

In order to stress that no reallocation of workers from production to research is
needed to generate growth cycles, we analyse the special case without any substitution
possibilities between (skilled) research workers and (unskilled) production workers.
Hence, the labour market is completely segmented. Aside from expositional ease, the
segmentation can be motivated by the notion that skilled workers have a comparative
advantage in research and assimilation and unskilled workers in production. The
qualitative results, we believe, would not be affected by relaxing this assumption. The
segmentation of the labour market implies the following equilibrium condition:

HN=HR+H (16)A'

26 For the analysis of returns to variety see Chapter 8.
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for skilled workers. And similarly for unskilled workers:

LN=L . (1D

Solution of the model and characterization of the steady state willbe the topic of the next
section.

4. The steady state

This section discusses the steady state. Hence, in this section we abstain from the

emergence of a new (generation of a) GFT. Section 4.1 defines and Section 4.2 solves for
the steady state. The determination of relative wages and labour market equilibrium is
discussed in Section 4.3.

4.1 Definition of the steady state
A steady-state equilibrium is defined as a path where all variables grow at a constant
possibly different rate and where the allocation of labour is time-invariant. It is easy to
show that Z should be homogeneous of degree ((PX+1-A)/(pA in average productive

knowledge to have positive steady state growth (use (2) and (3)). If A<1 this implies that
the knowledge pool should grow at a higher rate than the knowledge generated by

agents in the economy. Empirical research should answer the question whether such a
relation is plausible. For the remainder of the analysis the specification is specialised to
one with constant returns in assimilation and the knowledge pool Z, by setting A-1. So,
Z should have a long-run growth rate equal to that offi

ze -Al 1.'711    .                                                                                                                                                            (18)

Keep in mind that there is no steady growth in the GFT, hence in the long run the
arguments of Z tend to a constant which is denoted z in the remainder. Finally we
normalise prices to one. The balanced growth path is characterized as (using (6),(D, (8)

and (9)):

2&.6.t=f=z-g ,                                                     (19)
XxfkZ

Thus all variables grow at a common constant rate, denoted g. For prices holds that:
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Px-1  -     
-v, -=-=0, -=-=g .

Px_p, n  49 qk    WL WH                            (20)
X P,  f  k   WL WH

4.2 Solution of the model
Some additional notation simplifies the exposition further. Define u=HA/H  as the
fraction of skilled labour doing research. Labour market equilibrium for high skilled
workers can now be written as (using (2) and (3))27:

I a  11

1'=1.;C,-,H .»u-J'.,
. (LAB)

1-u
k

Where R=fk, that is the steady-state ratio of productive knowledge and accumulation

capabilities. Multiplying both sides of the definition for R with z, that is constant in

steady state, shows that R is proportional to the knowledge gap (Z/k).
Having defined the steady state by (19) and (20), the Ramsey rule (13) can be

written as g=(1/p)(r-8).To find the steady-state growth rate, the equilibrium rate of
return on savings should be substituted in this expression. Firms equate the return to
investment in productive knowledge and to investment in accumulation capabilities.

Hence, the rate of returncanbe foundusingonly one no-arbitrage condition. Combining
the no-arbitrage condition for accumulation capabilities (10) with the two static
optimality conditions ((D,(8)) yields a return of:

r=(1-(p)Ak(zR)9(1-u)HN+   a      u   A,(uHN)1 -a(R)-a .
(21)1 -a  1-u     J

The return is a weighted sum of accumulation equations (2) and (3) and should be read
as the demand for capital. To derive an explicit expression for g turns out to be
cumbersome, therefore we rely on a graphical approach. Rewriting (2) to (use the
definition of R):g-/if(uHN)1-'TR -a,and substituting this into the Ramsey-rule yields an

expression for the required return on savings by consumers. Combining this with (21)
yields an equation for the capital market equilibrium (CAP):

R.  HNAk,0 [C    a                                               1 -                                                                (CAP)0        [<  1 -a
I

--(1-p-0)) u.(1 -p-0)13

2  The expression can also be read as/- k where a hat denotes a growth rate, hence: 9.  af/at.f
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To show that for certain parameters an equilibrium with positive growth exists, a graph
in the u-R space is convenient see Figure 2.28 The LAB-curve is upward sloping; if u is

high, that is most skilled workers are allocated toaccumulate productive knowledge, the
knowledge gap is large. The CAP-curve is downward sloping. 1he intuition is that if the

knowledge gap is large, R high, the real return in assimilation is high (hence u is small
to close the knowledge gap). The equilibrium allocation and the ratio of productive
knowledge to accumulation capabilities is found at the intersection of the CAP and LAB
curve. The growth rate is computed by equation (2) (use the definition of R and u).

R -                     1 CAr

A

i.
--,

CAP

U'
U

Figure 2. General equilibrium

4.3 Relative wage determination
The model has a recursive structure in the sense that the solution for the growth rate
does not require solving the complete model. This is easily seen as u and R are
determined by the intersection of the CAP and LAB curve that are both independent of
the number of unskilled workers (LN)· Thus, the endowment of unskilled workers, and
the relative wage do not affect the growth rate.29 This section provides a digression on
relative wage determination.

28 The parameter restriction is implied by u>u '. u'=(%+(p-1))/(cp+(p-1)+a/(1-a)) hence if a close to
unity u' collapses to the vertical axis. If a goes to zero u' goes to unity, hence the equilibrium u is close
to one therefore growth will be driven almost completely by research.

29 Technically speaking, for the solution of the growth rate equation (9) is not required. After solving
for u and R the relative wage can be solved for recursively.
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Equating the no-arbitrage conditions (9) and (10), taking into account the
definition of the steady state one can derive an expression for the relative wage
(0-Wl/WH);

1 HN ( a u

co-      ul         +a-* 
, (22)

1 -a  LN     <  (1 -a)  (1 -u)

where (7) and (8) are substituted for the shadow prices. As LN does not affect u, co is

decreasing in the endowment of unskilled workers.
To show the working of the wage determination in the model, consider the

followingcomparative static experiment. Assume consumersbecome less patient, so the
rate of time preference (8) increases. The CAP-curve shifts up (CAP' in Figure 2) and the
LAB-curve is not affected. The new steady state is characterized by a larger knowledge
gap and a higher fraction of the workforce doing research (u). From (22) it is easily seen
that the relative wage of low skilled workers increases in u. What is the intuition for the

positive relation between the relative wage of unskilled workers and the degree of
impatience? Unskilled workers are specialized in final goods production. At a point in
time, production possibilities are fixed as both the stock of productive knowledge and
the supply of unskilled labour is fixed. Dynamically, however, the increase in relative
wages is consistent with less patience. An increase in the relative wage increases the
return to investment in research (see (9)) and does not affect the return to assimilation.
Therefore the return to the asset that has a direct impact on productivity is increased
relative to the return to the asset that affects only future accumulation. Therefore, a

higher fraction of the workforce is doing research in the new steady state.

The impact of a higher rate of time preference on growth however yields an
ambiguous result. Graphical inspection shows that more skilled labour is allocated
towards research but with a lower productivity, as the ratio of productive knowledge
to accumulation capabilities (R) is lower. By linearising the model around the steady
state we can derive that an increase in the rate of time preference turns out to decrease

growth unambiguously (for details and other comparative statics, see appendix A and
B) 30

30 The comparative statics results are derived under a logarithmic utility function.
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5. A new General Purpose Technology

This section has two purposes. First, the relation between the arrival of a new GFI' and
productive knowledge will be discussed. Second, the impact of an increase in the GFI"s

quality (Q) and the long-run performance of the economy is examined.
So far the knowledge pool is defined as:

ZO)=ZV..../N,QO)) .                          (4)

The previous section established that in the long run the knowledge pool should grow
with the growth rate offto have a steady state with positive growth. At time t, GFT of
quality j arrives; the arrival of a new GFT is exogenous. We analyse a one time
unanticipated arrival of a GFT. We assume that at the arrival of GFT j the economy is on
a stationary path, as discussed above. Furthermore, the GFI"s quality is one dimensional
and a new GFI' is strictly better than the previous one.

The interaction of a GFT with knowledge spillovers from other firms that are
available inthe knowledge pool gives rise to two cases. In the first, a GFI' is simply new
knowledge that is widely applicable and requires time and effort to implement. In the
second case, a GFI' is generatingideas and a positive interaction between spillovers and
a GFI' exists. In the remainder the intuition for and the long-run impact of the two cases
will be discussed.31

In case (i) no interaction exists between the new GFI' and spillovers from
productive knowledge, hence ZR=O (where the subscript indicates the cross derivative).
An example of a functional form where the cross derivative is zero is the case where f
and Q enter additively in Z. So:

ZO)=f+Q(it) , (4A)

where f  is the effective spillover of firms' productive knowledge. 1:he equivalent of this
equation in words is: the new GFI' is pervasive, as it affects learning possibilities in all
Nindustries and it requires complementary investments to advance the performance of
the technology in a specific environment. However, the technology does not positively
interact with technologies available now and in the future. More concrete such
technologies are gadgets that turn up everywhere but whose technology does not make
other technologies more productive, examples are most office supplies and improved
materials. What about the long run impact of such a technology? The definition of a

31 A third case is briefly discussed in Appendix E.



A GI'r in a Research and Assimilation Model, Exploring Wage Dynamics (I)                                   87

steady state (see Section 4.1) requires the ratio of productive knowledge 0 and
accumulation capabilities (k) to be constant in the steady state. Bothfand k grow in the

steady state, so the impact of the new GFI' ceases in the long run.
32

In case (ii), the ideas generating GFT, there is a positive interaction of the new
GFI' with existing and future productive knowledge, hence Zfe>0. The GFI'of our times,
semi-conductor technology, seems to fit well in this classification. Semi<onductors do
seem to improve the efficiency of all devices already developed. To infer the impact of
such a GFI' on long run growth we specialize Z to:

zo)=fQO) (4M)

Inthiscase fruitful application of the GFI'by firms increases their productive knowledge
whichin turn generates spillovers that interact positively with the GFT. This mechanism

implies that successful applications 'improve' the GFI'. This is the third characteristic of
a GFI' David (1989) described (see Section 2). The impact on long run growth is inferred
from the linearised version of the model. The impact of an increase in the quality of the
GFI' is:

g=YcPO . (23)

Variables with a tilde denote deviations from a steady state, hence R-dx/x. Y is always
33

positive. Hence, an increase in the GFI"s quality leads to higher long-run growth

6. Dynamics and calibration

The previous sections showed conditions for a new GFI' to increase the long-run rate of

growth. However, the short-run impact of a new GFI' might be different. This section

analyses the initial impact of a new GFI' and the transitional dynamics. To that end we
derive the dynamic equations of the non-linear model, calibrate the model and analyse
the transitional dynamics.

6.1 Dynamic equations
In Section 4.2 and 4.3 reduced form equations for the model are derived in terms of the

relative wage (co), research allocation and the knowledge gap. Differential equations for
these variables describe the dynamic behaviour of the economy, one equation for the

32  Divide both sides of (4A) by/; due to (3), and notice that the impact of Q vanishes.

33 Appendix B explains the derivation of Y and discusses other comparative statics exercises.
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state-like variable R, that is the ratio of two state variables (fand k), and two equations
for the jump variables u and co.

R=R lf(uHN)1 -aR -a-Ak(zR)*(1-u)HN , (24)

11=-uil    au+a(1-u) HNAk(zR)*- (1-a)co--11+ Af(uHN)1-aR -a   ,             (25)all  1 -a H u IN     1

6-<(1-cp-p)A,(uHN)1-UR -a-0+a(uH..)Ak(zR)'P   .                                      (26)1-a   N

The dynamic equation for the knowledge gap is easily found by log differentiating the
definition of R and substituting the accumulation equations for productive knowledge
and accumulation capabilities. The second dynamic equation is found by log
differentiating the conditions for the optimal static allocation of skilled workers, (8)=(D,
and solving for the evolution of the relative shadow price qf/qk by the two no-arbitrage
conditions. Log differentiating (6), (7) and (8) and combining these equations in levels
with (9) yields, after some manipulation, the last dynamic equation.

6.2 Calibration
The real-life data we want to explain are the growth rate of GDP and the relative wage
of unskilled (high school or less education) versus skilled (college educated) workers in
the 80s for the US. GDP growth for the US is close to 3% annually. In the simulation we
use 3%. The relative wage is approximately 0.73 in 1979 (see Davis, 1992).

The following parameters are used in the simulations. OECD (1993) reports that
17% of the population is college educated, so in our definition 83% is unskilled in 1980.
Hence we use a ratio for L /74 of 5. A common value for the rate of time preference is
0.05. The inverse of the intertemporal rate of substitution p is taken to equal 1, to limit
the number of cases to be considered. For z, the level of the GM, we use 0.1 and 1. The
productivity of assimilation is set to one. 1-a indicates the importance of the past
experience in own productive knowledge accumulation and indicates the degree of
decreasing returns to skilled labour in knowledge production. For 1-a estimations are
available varying from 0.17 to 0.38.34 For a we take 0.5,0.6 and 0.7. Finally 9 and the

34 Dinopoulos and Thompson (1995, 1996).



A GFI' ina Research and Assimilation Model, Exploring Wage Dynamics (I)                                   89

productivity of research (Af) remain to fit the model to generate the desired growth rate
and relative wage.

Table 6.1 Calibration

a

0.5                          0.6                         0.7

Z 0.1    9-3.76     A -0.082    : ip=1.05     At=O.035  1 <P=0.34    Ai=5e-4

1    | 9-3.76     A,-0.026    | cp=l.05     A,=0.009    cp=0.34    Aro.001
The other parameter values are: HN=1, LN=5, Ak=1, p=1 and 0=0.05

Table 6.1 shows that depending on the size of the decreasing returns in research, a

fishing out results emerges ((p>1) if a is relatively small. With higher as a lower level of

cp is able to replicate the data.
The steady states which are reported in the shaded areas in Table 6.1 will be used

as starting point for the dynamic analysis in the next section (hence we distinguish one
case with a 9 larger than unity and one with a 9 less than unity).

6.3 Dynamic analysis of a GFI' with an application to the wage-inequality debate
The purpose of this section is twofold. First we want to show that the model is able to

generate a slowdown in the growth rate following the arrival of a new GFT. Second, we
confront the predictions of the model with the data on the wage-inequality debate.

Numerical analyses are carried out with a shooting routine. As the model has one state
variable and two jump variables the model is globally saddle-path stable with one
negative and two positive roots. All numerical examples considered fulfill this
requirement.35

Case (i) A new GFI'
In Case (i) Q andfenter additively into the knowledge pool, see equation (4A). In this
case, the economy returns to the original steady state (see Section 5). Figure 3 panel b
shows the growth rate after the arrival of a new GFI'.36 The arrival of a new GFI'enlarges
the knowledge pool (the dashed line in panel a) and makes it relatively attractive to

35 In case (i) a second state variable prevails, see Appendix D for computational details. In this case the
numerical examples have two positive and two negative roots.

36 The simulation shown in Figure 3 is based on the calibration exercise a=0.7 and z=1 as
predetermined parameters.
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invest in assimilation.37 So, less is invested in research to accumulate directly productive
knowledge and at the arrival of a new GFT the growth rate jumps down.38 The
assimilation effort lowers R and hence increases the effectiveness of research. So, after
the above-steady-state effort in assimilation, research intensity is increased and hence

growth rises and the assimilation of the GFI' pays off. In the long run, the GFI' has a
negligible impact and the economy returns to the original (steady state) growth rate.

Knowledge / Accumulation abilities Gro#th rate
0.003 0038

0.0028 '
0.034

0.0026

0.0024 ' 0.032

0
0.0022

\
0.03

0002 f *-                                                      0.028
0.0018

0.0016 0.026

Time (a) Dashed line: Iglowledge gap Time M

Figure 3. Dynamics of a GFI' in Case (i)

Case (ii) An ideas generating GIT
In this case, f and Q enter multiplicatively in the knowledge pool, (curve (4M)). An
unanticipated new GFT arrives at time 0 when the economy is in the steady state (the
steady state with a a=0.6, T = 1.05 and z=0.1). The level of the GFI' is increased by 15%
from 0.1 to 0.115. In Figure4 the horizontallines indicate the initial steady state whereas
the curved lines indicate the transition to a new steady state. It is easily seen that a more

sophisticated GFI' implies a lower equilibrium knowledge gap, a higher steady state
growth rate and a lower relative wage in the long run. On impact the state variable R

is, by definition, not affected. The new GM, however, enlarges the knowledge pool and
makes it attractive to invest in assimilation, therefore u jumps down (panel b). That is,
the allocation of skilled labour immediately jumps towards assimilation activities at the
'cost' ofaccumulatingproductiveknowledge. Thereforewitha givenratio ofproductive

37 Note that in the transition R is not an appropriate indicator of the knowledge gap.

18 If GDP also registered intangible investments the slowdown in growth would not occur. Chapter
4 elaborates on measurement issues.
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knowledge to accumulationcapabilities less research activity implies a lower growth rate
of productivity in final goods production. Therefore the growth rate of GDP is lower

initially (panel c).
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0.96 0.66

094 0.64

0.92
0.62

/  0.9 .
0.6

088

058086

084 056

-nn,0 Time

(I) (b)

Growth rat Relative wage
0.032 0.75

0.0315 0.74

0.031 0.73

0.0305 E 0.72

-    0 0 3        /                                                                                                      0 7 1
0 0295

i
9 07

012£ 1
0.69

0.0285 / 068 -

0.028 0.67

Time Time

(c)                                                                               (d)

Figure 4. Dynamics of a GFI' in Case (ii) with fishing out, cp>1

Figure 5 presents the results of an equivalent shock given to the steady state shown in

Table 6.1 with the same z and a=0.7 (here *<1). The qualitative dynamics depicted are
similar to the dynamics depicted in Figure 4 as far as panel (a), (b) and (c) are concerned.

A discussion of panel (d) is postponed.

Summarizing the results so far we can conclude the following. Independent of the
question whether the emergence of a new GFI' will alter the long run growth rate the

emergence a widely applicable technology as such willlead to stagnating productivity
growth at impact.
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Figure 5. Dynamics of a GFT in Case (ii) with intertemporal learning, 9<1

How do the results match with the discussion on wage inequality? One lesson is that the

question posed by Krugman (1995b): "has the growth in total factor productivity been
sufficient tobe consistent with the large changes wehave actually seen in factor prices?"
(p. 7,8) canbe answered positively. Thelower growth rate is even'necessary' to increase

wage inequality. A point that should be made before discussing the actual results is that
empirical research is required to determine the magnitude of the shock to the GFI' that
we have modeled here. For now such information is lacking. Comparing Figure 4 to
Figure 5 shows that the qualitative dynamics differ between the two sets of parameters
we have used. In the simulation with fishing out Figure 4, the bad news for unskilled
workers is over: at impact the relative wage jumps down whereas during the transition
the relative position of unskilled workers improves. In case of an ideas generating GFT
with a positive learning effect in assimilation the relative wage of unskilled workers
decreases further (see Figure 5). The intuition for the difference is that the return to
assimilation declines quickly due to assimilation, if fishing out is relevant see equation
(10). Inthat case theideas generatingimpact of the GFI' iscounterbalanced bya negative
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learning effect causing research, u, to increase much faster than in the case with
intertemporal learning (Figure 5).

How doourresults match quantitatively? Davis (1992) reportsaratioof unskilled
relative to skilled worker wages of 0.66 for 1987 (compared to 0.73 in 1979). The
simulations yield a wage ratio that is close to this number. The results are especially
important in the light of the puzzle raised by Feenstra and Hanson "the large increase

in the non-production wage share over the period 1979-1987is primarily the result of an
increase in the relative employment of non-production workers that occurred in just two
years, 1979 and 1980." (italics added, 1996 p.8).39

7. Final remarks

Two empirical puzzles that emerged in the 80s are the increase in the skill premium and
sluggish productivity growth despite a technological revolution. Previous literature
deals with these empirical phenomena separately. This chapter shows a natural way to
integrate both. It has been shown that a superior General Purpose Technology leads to
a temporary slump in the growth rate and an increase in the skill premium at the same
time.

Most importantly, this model overcomes the critique of earlier work on GFI's
(especially HTs) that requires reallocation from research to production and vice versa.

This model generates a cycle withoutreallocation of labour from production to research.

Secondly, the model generates these cycles without necessarily assuming that the new
GFI' is incompatible with existing knowledge stocks.

39 Of course in our model there is no reallocation of workers between production and non-production
(research and assimilation) work but if the model allowed for substitution, the change in relative factor
rewards would to some extent turn up in reallocation of workers.
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Appendices
A. The linearization procedure

The linearization procedure of the model is somewhat complicated by the fact that some
variables are stationary and others are non-stationary. This appendix explains the procedure
(and draws heavily on Smulders, 1994). The linearization procedure for static equations is
standard. By taking total differentials and dividing by the initial value of a variable we obtain
percentage deviations from the original steady state.

dwad mw -d 01'1 (A.1)

To simplify notation we define variables with a tilde as :

dru
it,=- . (A.2)oldW

Where it leads to no confusion the superscripts for old and new (steady) states are dropped. A
simple example is the mark-up relation,

P=*1-j-0. (A.3)

Asfis non-stationary the levelis not determined. However, as the growth rate is stationary, the
change in de growth rate can be determined. So if xyx=g, the growth rate of a non-stationary
variable reads in linearised form:

d(t/x)
11(£/ x)=gg, -gx .

(A.4)
fix

Growth rates of stationary variables (examples are qh. 4, but also u; required  for the log-time
differentiated version of the optimality condition (D) can be derived as follows:

d,9/1,)-1-d,--8-idy=ld9 , (A.5)Y y y

where we use the fact that as we linearize a stationary variable around the steady state these
variables grow at rate zero. By definition:

dg=9=-9°Id , (A.6)

and fold=0. To derive f=/y, the following steps are helpful:
old

(A.Ddll=y--Y

is equivalent to:
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01,1 <  1 +    dy   1     =Ye*'(1  +9)
Y „-,=Y         1

-01,1)
(A.8)

\     Y

Differentiating with respect to time yields

(A.9)

And use again that fold is 0 by definition; hence we derive:

9MW
.

(A.10)

73=.7    .

SO:

dU/Y)=g. (A.11)

Note that in the new steady state  f=0.

Finally, z is the ratio of two non-stationary variables. As all non-stationary variables grow at a
common rate this ratio itself is a stationary variable. Define z=x/xz· The rate of change of the
stationary variable is difference between two growth rates of the non-stationary variables:

f x ik 1
(A.12)

d(i/z)=d  -1..21 -ggg,-ggx,
X / X2)

In the steady state all non-stationary variables grow at a common constant rate hence   f=0

B. Steady-state analysis

B.1 Steady-state ratios
To solve for the asset portfolio in the steady state use (D and (8) and substitute the two
accumulation equations(2),(3):

qff_ul
(B.1)qkk   1 -u 1 -a

From (10) is alternatively solved for the asset portfolio by substituting (2) and (3), hence:

qff-lit I -11  +   l . (B.2)qkk  al< g   )    1

The transversality condition learns that r/%>1. Combining the previous two equations yields:
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u     1 -a[(r    )     1-      '' --11 +(PI . (B.3)1-u a [l g   )    1

Where the LHS is the ratio of the wage bill of workers engaged in research versus those in
assimilation. It is convenient for later reference to derive the following expression from the no-
arbitrage condition for research (9) (use (D):

«' L„  1 -    1   <L-1 +a  .

(B.4)HN u   1 -al g        J

The LHS is the ratio of the wage bill of unskilled workers versus workers engaged in research.

B.2 Linearization around the steady state
Linearization around the steady state the Ramsey rule yields:

r 0
gl--f--0. (B.5)

Pg  Pg

Equation (6) yields:

1DC-/,  g.L=gf ·
(B.6)

The second expression is derived, as both variables are non-stationary (and divide both sides by
g). Equation (D yields:

(B.Dqf+Af-au-aAN+(1-a)5+ak=zI,H'    tlf-all-aggf*aggk=ggu.H-ggf '

Equation (8) yields:

41,+92 +9 (1 -CP)k=ZDH'       4-k+Cpg f-Cpg9k X ,H-  k   ' (B.8)

The no arbitrage condition for knowledge accumulation, (9) and substituting (7) in there and
linearizing yields:

(1 -a)uH -ao)L.. (DL.,

4-firr- Atia(f-k)
+

"(17+AN).        I    (EN+iD. +IDH)   ,                      9.9)(OLN+uHN 0)LN+UHN L

where the weights can be simplified by dividing numerator and denominator by uHN and
substituting for (B.4). This yields:

4,="_riA,-"(f-k),{ (1 -a)3 -a} 0,+AN).  1 -(1 -a)&1 (L-N+WL+W„)1     .                                         (8.10)r)
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The no-arbitrage condition for assimilation (10) car, be rewritten (use (7) and (8)) as:

A (zf)'Fk-'1'H.< u +(1 -cp)(1-11)1 +1£=r . (B.11)
"< 1 -a , 0

Linearizing yields:

-au -(1 -cp)It
4-k =rf-rAk +cpz-+q) f-k) + u+HN ·

1-a
(B.12)

-Lu +(1 -9)(1 -u)
1-a

The weight is again expressed in terms of r and g by substituting (B.3):

i. I„-,1"k.9,4.9(1,-k).< 1 -f(1 -9)} 1 1-C' -1:1 -a) } «.ANI
. (B.13)

And finally the two accumulation equations (2), (3) yield:

gf=/if+(1 -a)17+(1 -a)AN-a(f-k) , (B.14)

1 -a<  r
ik-Ak+92+9(f-k)--4 --(1-q)) 17+AN . (B.15)a (g

where (B.3) is substituted.

The steady state definition in (19) and (20) reads in linearised form:

2x= f=2-k=2:el= ,H-g, 4,=4-k=  · (B.16)

Finally the constant allocation in the steady state implies:

u=O (B.17)

B.3 An improved GPT: an example
To find the impact of an increased quality of the GFI' on the steady state substitute the steady-
state definitions (B.16) and (B.lD in equations (B.5)-(B.15). And set:

0-A -A -17 -£ -0 (B.18)fkNN
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To solve for g as a function of 2 substitute (B.5) in (B.13) and plug in  (f-k). Of-k) follows from
(B.14)=(B.15). This yieldsg-is a function of 11. Plug  (f-k) in (B.14) to get a second expression forg-
in terms of G. Solving for g-and simplifying yields Y in (23).

B.4 Comparative Statics
Table B.1 shows the comparative statics results, derived with the linearized model. The
parameters capturing the efficiency of the growth engines both have a positive impact on the
growth rate, although the mechanism differs. An increase in the efficiency parameter of
assimilation, Ak, increases the return to assimilation and hence induces a reallocation of skilled
workers from research to assimilation. Obviously, the knowledge gap decreases as the efficiency
of, and resources allocated to, assimilation increase. An increased efficiency of research, Ap leads
crt. par. to an increased return to research and an increase in the growth rate of productive
knowledge. This would induce reallocation of workers towards research, where account has to
be taken of the fact that decreasing returns to research labour mitigates this effect. Productive
knowledge spills over to the knowledge pool and hence increases the return to assimilation. This
induces reallocation towards assimilation. On balance more resources are allocated to
assimilation, but the knowledge gap decreases. Obviously, marginal increases in the
productivity of skilled workers lead to increased inequality.

Table B.1 Comparative statics

0            A.           Af           HN          LN

g           -            +           +           +           0

Wjw             +                -                 -                 2                 -h

R          +          -          +          -          0

11             +            -                           -             0

Increasing the number of skilled workers increases the rate of growth. This result is the scale
effect that prevails in many growth models. A larger economy, what should be interpreted as
more skilled workers per firm, generates a higher growth rate. An increase in the amount of
skilled workers leads to a decrease in the share of workers doing research, u, due to decreasing
returns in research. As a larger chunk of the skilled workforce assimilates, the knowledge gap
decreases. At first sight counter intuitively, an increase in the amount of skilled workers does
not necessarily imply an increase in the relative wage of unskilled workers. An increase in the
number of skilled workers makes them relatively abundant, and keeping everything else
constant this would cause downward pressure on wages of skilled workers, but this need not
be so. Keep in mind that skilled workers are only active in research and assimilation. So, to get
a decline inthe relative wage of unskilled workers the growth engine shouldbecome marginally
more efficient as more workers are employed. Necessary for this odd result to hold is that cp <
1, hence the case where increased accumulation capabilities ease future assimilation (if T is high
the best ideas are fished out first and increased assimilation activity is not a very efficient
activity): The intuition for the odd result goes as follows. The share of workers in assimilation

40 The exact condition is not very informative.
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increases41 and with very low (p the activity remains very efficient and does not rely very much
on the general knowledge pool. Hence, the role for spillovers is small. The latter can also be
understood from the other side: the fact that relatively less spillovers are generated due to the
reallocation of research towards assimilation implies that spillovers better should not be
important, otherwise the growth engine could not be more efficient.42 See Chapter 6 for an
elaboration on the issue why spillovers should be small.

C. Corner solutions

C.1 Binding inequality constraints
In the assimilation technology (3) there are no Inada conditions, therefore at a certain rate of
imbalance Vk + (#k)steady state) one of the inequality constraints in Table 3.1 will become binding.
Suppose the ratio of productive knowledge to accumulation capabilities is too low for further
investment in accumulation capabilities to be attractive. Hence the condition H  20 is binding.
The firm problem then becomes:

max Vi-fe-,t (Xilit-HR,froHI-LuiuL,jdt , (C.1)

0

subject to: (1), (2), and (15). This yields (6),(7), and (9). The labour market condition for skilled
workers now becomes

  = HR,=HN · (C.2)

Now the growth rate is easily determined as:

f=Afk°CHN)1-"f -a · (C.3)

Having an initial value for o, the growth rate is determined; recall that kis constant. The relative
change in the growth rate is -a/. Hence, the rate of growth is increasing in the imbalance and
decreases after the shock. Use (D and take w i as a numeraire and log-differentiate to see:

tlf--(1-a)f (C.4)

Hence, the shadow price of productive knowledge capital declines with the growth of
productive knowledge. At a certain j,k ratio the inequality constraint ceases to be binding and
the economy enters the regime discussed in the main text.

41

From equation (22) in the main text is seen that the relative wage of unskilled workers is increasing
in u.

42 The role for a in the condition is less clear, as an increase in a implies stronger diminishing returns
to skilled workers in research at a point in time but also increases the share of accumulation capabilities
in the research engine.
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C.2 A<1 and Z homogenous of degree one in f
The approach proposed by Jones (1995b), A<1, yields a model with undesirable features given
the segmented labour market. Insert thedefinition of u in (2) and (3), divide respectivelybyfand
k and log-differentiate to time, to get:

»(1 -a)11 -a/+al-    ,                                                                                                                                       (C.5)

9*=(1)12+(A-1 -cpX)k-_Lit +/ . (C.6)
1-u

To have a steady state with constant growth rates and allocation requires:

3-£    A     (Ap +1 -A)£.Aq,2 , (CID

which implies:

2_Aq,-A+15 V f-£=O . (C.8)
Acp

Inthemain text (Section4.1) we ruled outthe firstequality, as the parameter combination on the
RHS exceeds one. The second equality is hence needed to have a steady state. Hence a steady
state with growth rate of zero would result. The allocation of skilled workers in longer
determined in that case.

Suppose skilled workers could be allocated symmetrically to firms to do R&D, a positive
growth rate could be generated by a positive rate of growth in the endowment of skilled
workers. No steady allocation could be reached as u is affected by changes in H, see Appendix
B.

D. Dynamics of a GPT with the (4A) curve

The dynamic analysis of a GFI' that enters the knowledge pool additively complicates the
derivation of the differential equations describing the economy's behaviour outside the steady
state somewhat. Taking the (4A) curve, we need to follow the same procedure as in Section 6.1.

Taking into account that logarithmic differentiation to time of Z yields:

2- f -Aft-0(uH -9
f+Q 1 +121 (D.1)

k R

where the last equality follows from (2) and the definition of R. Using this and the fact that
Z=f+Q the differential equation for u can be written as:
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itIC a f  Q)'
u=    -11  -It +a (1 -u)  AkHNI  R +T)   -(1 -a)(DLNAf(uHN) -OR -g   +

a< C 1 -a
U,

/

A,(uHN)1-OR -°11
(D.2)

a   -'.        1.Ql       11k R

The equation for the ratio of productive knowledge to accumulation capabilities now looks like:

nim

R=R Af (uHN)1-°R-°-A <R+Mi  (1-u)HN   ·                                                    (D.3)kl      k j

The dynamics of relative wages are determined by:
/ '

Ap,HN)1-OR -al -0 a C  Q) 91
d)=co (1 -cp-P)

1 +Ql     +1-a(u HN)Ak  R +-I-'1   .               (D.4)k R

Finally the differential equation for (2/k is:

2--QA f 11.-21(1-u)HN ·
(D.5)

k      k   k<.'   k j

Note that k grows over time and Q is constant hence that in the limit the system of differential
equations evolves to the one in the main text as the last differential equation tends to 0=0.

E. A destructive GFr, Case (iii)

Case (iii) is characterized by creative destruction. Hence there is negative interaction of the new
GFI' with productive knowledge already developed at time t applying the old GPT, hence ZfQ<0.
The radically new GFT makes existing knowledge redundant. The impact of a GFI' that arrives
at time t on the knowledge stocks that enter accumulation equation (3) can be formalised as
follows:

z t=f,Qi ' (E.1)

t N

f,-(1 -5,)f'.ff•PI,dnd, I

(E.2)

SO
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The factor (1-6) is the rate of complementarity between GFT j-1 and GFT j. To be consistent the
experience that enters (2) is depreciated analogously but possibly with a different rate:

f.=(1-6M.*f» (E.3)

Labour productivity 1 should not be depreciated. It is easy to see that, once adoption occurred,
the long-run impact on growth is equivalent to Case (ii) as the magnitude of the redundancy of
knowledge through creative destruction vanishes in the limit. Future research should provide
an answer to the adoption decision. Here we abstain from the adoption issue. Once GFI' j
arrives, GFI' j-1 is no longer available by assumption. Hence, the destruction of creations with
the previous GFI' has only level effects.
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We Don't See
What We Learn:

The Solow Residual, a GPT and Inequality

Abstract'
In this chapter we analyse theeffects of the computer revolution on theevolution ofoutput, productivity,
wages of skilled and unskilled workers, and technological change in a model of endogenous growth.
Immediately after the introduction of a GFT, output growth falls and the skill premium rises. Skilled
workers spent more time learning and less time producing. Over time the wage gap decreases again and
output growth recovers because the stock of productive knowledge increases. The rate of economic
growth increases in the long run. An important empirical implication is that in current statistics labour
inputs are over-estimated, because skilled workers spent a part of total time on learning. A'back of the
envelope' calculation reveals that, due to over-estimated labour inputs, the productivity slowdown of the
80s is for 33% illusionary.

'

This chapter is a revised version of Nahuis and Jacobs (2000). I want to thank Henri de Groot, Albert
van der Horst Theo van de I<lundert Rick van der Ploeg and Jeroen van de Ven for comments and
suggestions.
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1. Introduction

Increased wage inequality between the high and low skilled is widely observed in
industrialized countries in recent decades. Davis (1992) shows that wage inequality
increased in the 80s in almost all OECD countries. In this chapter we argue that biased
technological change associated with the arrival of a GFT is the major reason for
increased wage inequality. Two other reasons are often given. First lower educational
attainment and hence increased scarcity of the highly educated tends to increase wage
inequality. However, educational attainment has not been decreasing: there is a stable

upward trend in the relative supply of skilled workers. Consequently, increased wage
inequality is hard to explain by changes in education: Second, trade with low-wage
countries tends to cause downward pressure on wages of unskilled workers, thereby

increasing inequality. 'Ihis argument is met with scepticism as trade with low-wage
countries is only a small component of total trade in the industrialized world (see
Chapter 2 for extensive discussion of these reasons).

We think that today's GFT, the'computer revolution', is a major contributor to
theincreaseinwage inequality. A numberof points suggests that thetechnology-related
explanation is in line with increases in wage inequality. First the introduction of
information and communication technology (further ICI') is argued to be associated
directly with a rising skill premium, see, for example, Krueger (1993).2 Second, the
increase in wage inequality parallels a significant increase in ICT investments. Allen
(1997) provides data on ICI investments that show an acceleration in ICI investments
in the early 80s. Feenstra and Hanson (1996) show that inequality increased sharply in
the period 19794983. This timing of events is suggestive. Third, the US seems to be
experiencingaslowdown in relative demand forskilled workersinthemostrecentyears:
This empirical fact is hard to explain by trade with low-wage countries, as the relative

1 A decrease in the quality of those who leave the educational system early could, however, explain
increased inequality. Chapter 6 provides a mechanism where increased supply of skillis increasing wage
inequality.

2 This is controversial. DiNardo and Pischke (199D and Oosterbeek (199D argue that the relation is
spurious. However, Autor, Katz and Krueger (1998) reconfirm earlier findings of Krueger (1993).

3 Wood (1998) argues that in the 805 an acceleration in the growth rate of relative demand for high-
skilled workers has occurred which is explained by trade with low-wage countries. Wood finds that
biased technological change caused a constant increase in relative demand for skilled workers ever since
the 4Os: relative supply of skilled workers grows steadily at 3% a year. In a postscript to the paper he
reports that the annual growth rate of relative demand for skilled workers was 3.8% in the 7Os, 4.8% in
the 80s and 3.0% in the 905.
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demand for high-skilled workers is decreasing again where trade with low-wage
countries is still increasing.4

Critical in the technology explanation is that the 'computer revolution' should
accelerate the rate of technological change, or at least the rate of skill-biased
technological change.5 The problem is that we do not observe that measured
technological change has increased since the introduction of ICr in the early 80s. This

puzzling observation has been expressed by Solow (1987) as: "You can see thecomputer
age everywhere but in the productivity statistics". Put differently, the new GFI' did not
raise the firstmoment of the wage distribution, nor did it show up in the so-called Solow
residual.

A number of explanations for this seemingly paradoxical finding have been put
forward. Oliner and Sichel (1994) claim that the stock of ICI capital is still so small that

it obviously has a negligible influence on productivity. Another explanation for the
paradox is that productivity increases are difficult to measure because it is hard to
capture quality improvements (due to increased use of computers) which are not
reflected by higher prices (see Griliches, 1994). Griliches argues that an ever increasing
part of the economy is'unmeasurable'. Developing the argument that the rate and skill
bias of technological change are related somewhat further, one could argue that if the
'computer revolution' did not affect productivity growth, the hypothesis that increased

inequality is a result of biased technical change is likely to be invalid.
The firstpointthis chaptermakes isthat opposite to the common sense argument

a computer-related bias in technological change is likely to cause a (temporary)
Slowdown in measured output growth. Moreover, the computer related GFT increases

inequality upon arrival. This implies that the first and second moment of the wage
distribution are related in a different manner from what one expects at first sight. Hence,
we show that lower output growth and a bias in technology are naturally related: As
such, biased technological change can be a main contributor to increased wage

inequality.
The second contribution of this chapter is to provide a solution to the

'productivity paradox'. The empirical puzzle that we do not observe the computer

4 Obviously though, if high- and low-wage countries are no longer within the cone of diversification,
increased trade with low-wage countries no longer affects inequality.

5 The acceleration in skill-biased technological change, loosely defined as both the factor and sector
bias, needs not necessarily be accompanied by an increase in TFP growth. For an extensive discussion of
this point see Krugman (1995b). However, an acceleration in skill-biased technological change with a
slump in TFP growth is often thought to be implausible.

' This chapter reconfirms analytically the numerical results presented in Chapter 3.
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revolution in the growth statistics can be resolved by accounting for growth
appropriately. We conjecture that in current productivity measures the effective labour
inputs are incorrectly measured. As a consequence of the arrival of the GM, skilled
workers invest some of their time to master the new technology, in order to become
more productive later on. This implies that if one does not correct for this decrease in
time spent producing, one overstates the role of labour inputs, and one understates the
role of technical change. A simple calculation reveals that an error of 0.2%-points of
annual TFP growth is to be attributed to the increased learning time. We show that 33%
of the slowdown in productivity growth during the eighties is illusionary.

This chapter also contributes to the literature on measurement in the'knowledge
economy', by explicitly spellingout the different fallacies in growth accounting. Finally,
a dual approach to growth accounting is advocated in aneconomy where unobservable
knowledge production is important as the dual approach depends on observables only.

The rest of this chapter is organized as follows. Section 2, dealing with the first
moment of the wage distribution, explains how and why technological change need not
affect measured income. In Section 3 we develop an endogenous growth model of wage
inequality and technological change to explore the relationship between the first and
second moment of the wage distribution. In Section4 we analyse theconsequences of the
computer revolution on wage inequality, growth, and technological change. Equipped
withthe mappingof therelationsbetween theobservable variables laid outinthe model,
we explain why we do not see the computer revolution in the productivity statistics.
Next it is shown how a dual approach to growth accountingcanbe used to resolve these
measurement problems. This is done in Section 5. Section 6, concludes.

2. Measurement

The new GFI' should affect the first moment of the wage distribution. The usual way to
infer something about technological change is growth accounting. To explore how and
why technological change might not turn out to affect average income, consider the

followingmacroeconomic production function relating outputs to inputs (technology is
assumed, D, to be Hicks-neutral):

Y = DG(K,L,H) ,                                                        (1)

where K, L, and H stand for the aggregate measures of capital, unskilled and skilled
labour respectively. Y denotes observed output. The Solow residual, or measured TFP,
equals output growth that is not explained by changes in factor inputs. Time
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differentiating (1) and rearranging yields the fundamental relation between growth of
output and growth of inputs:

D  -Y- XKK - XLL - XHH ,                                                                                       (2)

where a hat denotes a relative change, and X,-(D(aG/ai)i)/Y, i-K,L,H. Once the
appropriate output and input concepts are defined, and when they are measured

accurately, D is the technology indicator of interest. However, in a knowledge-based

economy several pitfalls are to be taken into account to avoid that technological change
does not turn up in the productivity statistics correctly. The remainder of this section

explores potential pitfalls in defining output and input concepts.
First what is theproper output concept? Outpuf of knowledge investments, that

is for example humancapital due to onthe job learning and R&Dstocks, isnotmeasured
in national accounts. There is no obvious reason to treat additions to the knowledge

capital stock any different from those to the physical capital stock. Nevertheless, the

production of capital is only measured if it concerns physical capital, but not if it is
intangible knowledge capital. However, the production of both types of capital requires
resources that otherwise could be used for current consumption. The difference is due

to the fact that the produced item - knowledge capital - is not priced on the market as
the product usually is not sold or is unsaleable. The former holds for patents and the

latter, for instance, for organisational capital. What would be appropriate is to include,

alongside consumption and investment in physical capital, investment in knowledge
capital to construct a broad output concept.

Second, the measurement accuracy of (narrow) output is problematic due to
difficulties with incorporating quality improvements and new goods or varieties. This

problem, however, is not specifically related to knowledge-based growth nor to a GFT
and hence in the remainder it is assumed that output of goods and services is measured

accurately.8

Third, the arrival of a new GFT might make existing capital obsolete. Hence,  a

technology shock could cause capital stocks to decay excessively rapid. Thus, due to
discontinuous depreciation, inputs might also notbe measured accurately. If thenational
accounts were to account for knowledge as they do for physical capital this problem

7 Some of these issues are also discussed in Appendix A to Chapter 12 of Aghion and Howitt (1998).
The knowledge output problem is referred to as the knowledge investment problem by Aghion and
Hewitt.

' For later reference we assume  Y=Y, as observed tangible output equals actual tangible output by

assumption.
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would even be more pressing. Aghion and Howitt (1998) coin this the obsolescence

problem:
Finally, what is the proper input concept? This is a hard issue, but what is clear

is that the input concept is related to the output concept (Section 5 explores this in
greater detail). If, as the discussion of the knowledge output problem clarifies, produced
knowledge isnot taken into account shouldn't inputs be adjusted accordingly? Though
itis true that successfull<nowledge creationraises GDPin the long run, resources should
be adjusted for those who are accumulating knowledge. The remainder refers to this
issue as the knowledge input problem.

Is the knowledge input and the knowledge output problem one and the same
thing? And, how relevant are these factors in explaining a productivity paradox? Is it
possible to relate measurement problems with respect to changes in the first moment of
the wage distributionto those inthe second moment? To answer these questions the next
section sets out a minimalist endogenous growth model with two types of labour that
relates the arrival of a GFI' to observed productivity and wage inequality.

3. The model

We consider a closed economy with three decision units. First there are firms who
produce a unique product variety in a monopolistic environment. Second, there are
competitive capital-assembly firms. Finally, householdssupply skilled (H) and unskilled
(L) labour fully inelastically. This section subsequently explains the behaviour of these
agents and solves for the model.

3.1 Production
Let there be one sector of production consisting of N firms indexed j, engaged in
monopolistic competition. Every firm produces one product variety j facing a
downward-sloping demand curve  for that variety. We assume that there is no
entry/exit, so that the number of firms is fixed.

Productionin firmjof final goods (x,) requires unskilled labour (L,), skilled labour
(H,), capital goods (K,), and technology-capital or firm-specific productive knowledge (f).

9 See Appendix E in the previous chapter for a set up to analyse these issues. Chapter 7 analyses the
welfareconsequences of endogenousobsolescence. Hewitt(1998) discusses measurementproblems with
respecttoknowledgeinvestmentand focusseson endogenous depreciation rates. Wediffer fromHowitt-
apart from the modelling approach in the next section - in relating the knowledge investment problem
explicitly to dual and primal growth accounting and relating the first to the second moment of the wage
distribution.
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Firms have to devote resources to research in order to remain competitive. Time that

high-skilled workers are engaged in production is u, H, where u, is the fraction of the
time endowment (which is normalized to unity) which is spent producing. The
remainder of the time endowment is devoted to research (or learning). Unskilled
workers are employed in production only. Production is designated by a Cobb-Douglas
production function: 10

x  .  13' ..K'.1(utH,)'Lj' -Bl' -a  '                                                                                                                  (3)

where a,13 E (0,1) and T is the exogenously given technology level. This production
function features the duplication argument: doubling physicalinputs, K, uH, L, leads to

a doubling of output. For later reference, we denote the productivity of physical inputs
as A =TfI -a.

The production functionishomogeneous of degreel in K andf Thereason is that
eventually, we wanta steady-state solution in which u, H, and L are constant and K and
f grow at the same rate. Each firm faces a downward-sloping demand curve for its
variety:

x j  =   (Pl/Px)-ex,                                                                                                                                             (41

where e >1 stands for the price elasticity of demand. Px is the aggregate ideal price index
and X is aggregate output (the demand curve is derived from demand from consumers
and capital-assembly firms):

N       \  1                  i        N    .511 fi
px  i   -lE pil-·  T=,      x •  N  1/NE x            ·                                               (5)iv j.0 j=0     )

We focus on symmetric equilibria, hence prices and levels of production reduce to:

Px=p,=pand X=x, forall jaswe normalize N to 1.
Firms maximize the net present value of profits, which is the discounted stream

of instantaneous profit flows, n, at rate r.  Il = 0-njexp[-4,·(v)dv]dt. Instantaneous profits

are given by:

nj = p.1.-rK.-wHH.-toLL.,                                                         (6)

where w H and wLL are loan payments to skilled and unskilled workers. Capital K is
hired for a rental rate of r from capital-assembly firms. In order to keep producing

w Time subscripts are suppressed where it leads to no confusion
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profitably, the firm devotes some of its high-skilled workers to the production of
knowledgefi

f = Q(,11; (1 -u,)Hj  '

where a dot denotes a time derivative, thus f=df/dt and Q denotes the productivity of
research. The firm-specific nature of research implies that the productivity of a firm's
research today depends on the accumulated stock of firm-specific knowledge capital.

This knowledge production functionhas two features attributable to Lucas (1988).
First as in Lucas (1988), accumulation of knowledge is intensive in human capital. No
physical capital goods are inputs in production of knowledge.11 Second, this chapter

draws upon the notion of Lucas that it is time devoted to learning and researching that
is important. In this interpretation not only the total amount of physical units of labour
actually engaged in research but potentially also the amount of time'non-researchers'
spent on learning matters (an on-the-job-learning interpretation is suitable).

3.2 Capital assembly
Competitive capital-assembly firms assemble the N product varieties costlessly into
capital. The production function for capital is:

<  1 .1  il  *                                                                                                (8)I  a  N    -1, i
N i-0

PtI are total purchases of capital goods (where P, is the ideal price index). Investment
demand for each variety is denoted i,· Produced capital adds to the stock of capital (we
abstain from depreciation):

I=K.                                                                    (9)

The stock of capital generates a rent of rK paid by the monopolistic firms. This rent is
paid as a dividend to consumers who supply the capital-assembly firms with funds.

11 The model would become analytically intractable if one would allow for capital as an input in the
technology production function. However,thequalitative results thatderivefromthemodel withphysical
inputs would notbealteredsubstantially compared tothemodel withoutphysicalinputs. See forexample
Mulligan and Sala-i-Martin (1993) for an exposition of the Lucas model with and without the inclusion
of physical capital in the production function of human capital.
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3.3 Consumption
There is a representative household having a constant saving rate. Hence the

consumption function looks like:

C  =  (1 -s)PY , (10)

where s is the saving rate12 and Y is real income. Consumption of different varieties is
derived from:

<     N    e-1'1 -L
1 1 r.   -7 l e-1                                                                                                      (11)

C  • N  •N,  9    j

The demand curves from the capital-assembly firms and consumers are identical and
hence represented by a single downward-sloping demand curve for each variety (hence

x =c,+i ). Goods-market equilibrium gives the resource constraint of the economy:

Y = C+I , (12)

where it is used that X=Y.

3.4 Firms
Firms maximize profits subject to their demand function, accumulation constraints on

firm-specific capital goods and the stock of knowledge. Solving the firm's optimal
control problem by setting up the Hamiltonian we can derive the first-order conditions
for maximization of profits (see Appendix A). In symmetric equilibrium:13 xj=X, pi=p,

H,=H, L,=L, K,-K,f,=F, and u,=u. In the remainder we normalize prices: pse/(8-1).The
last normalization implies that the 'mark-up' equals the price of the variety. Some
additional notation simplifies the exposition: eEP(1-a)  and EE(1-13)(1-a).

First the wage rate of the unskilled workers isequal to the marginalproductivity:

mL = ETK 'Fl-a(uH)eLE-1 . (13)

12 We abstract from an intertemporal utility maximizing framework here to reduce the number of
differential equations and, thereby, the complexity of the model. See Chapter 3 for a model with Ramsey
consumers.

13 Recall N is set to unity.
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Second, we can derive the skilled workers' wage and a no-arbitrage condition for the
allocation of time of skilled workers in the production of goods and learning:

U'H = @TK°Fl-a(uH e-iLE = qfQ(i)F , (14)

where qf is the co-state variable associated with the accumulation constraint on
technology. The marginal value of time skilled workers devote to production and
research mustbe equal. The latterhas tobemultiplied by therelative price of technology
in terms of final output as measured by qt

The wage differential between unskilled and skilled workers, expressed as the
ratio of the wages, is 0(u)=wL/wH=(E/@)(H/L)u. The wage differential increases (o)
lower) as high-skilled workers spent moretimelearningand doingresearch (ulower):co' > 0.
The dynamics of this economy are described by the evolution of time spent producing
u, (see Appendix A):

d        /  1 -a)

1    a                                <  a(1 -su))
-=1-Q(OuH +  - Q(OH + r    I TR 1 -a(uH)eL E , (15)

C  1 -e) e-i )u e
where R is the ratio of the two capital stocks (R=F/K). The differential equation

describing the evolution of R is given by (see Appendix A):

·  = Q(t)(1-u)H - st,TRl-a(uH)eLE
. (16)

3.5 Steady state
A steady state is an equilibrium in which  R =11 =0. It is easy to show that the steady state

is characterised by:

WH=WL-K_ 2 - 4f_Px
-"  -  9-F=g'

--- (lD
wh W L n 4f P x

We can derive the steady-state share of time spent producing (u) as:

a-spU  =

·-11-ils,  '                                                                                                                     (18)
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14

where a>sp is assumed in order to arrive at a feasible steady-state allocation (0<u<1).
Note that the steady-state value of u depends only on the production technology

parameters a and 13, the saving rate s and the inverse of the monopoly mark-up, p. Recall

that o)(u)-wL/wH=(E/e)(H/L)u. Hence, theparameters in (18) and the relative supplies

of high- and low-skilled workers determine wage inequality. Moreover, the
technology<apital-stock ratio (R) is:

R.   =  i  Q(11(1 -u ')H  lit  .                                                                                                                     (19)Lspl'(11 71)PL 1-P]

In Appendix A is shown that this equilibrium is saddle-point stable under the
condition: u<(e/(1-e))2.15 u is the'jump' variable and R is the'predetermined' variable.

The steady-state growth rate of the stocks (K and F), output (Y), and wages of
skilled and unskilled workers (wH, WL) will be equal to:

g   =  Q(,)(1 -u ')H . (20)

3.6 Transitional dynamics
The transition dynamics are simple. Figure 1 gives the phase portrait in the R-u space.
TheR=0 locus gives all combinations (R,u) where R is not changing. TheR=0 locus is
downward sloping:

[dul
1-a ju

[3*]R.,= -  _L,e  R                                                                       (21)

' - <0.

1-u   )

The  zi =0 locus gives, equivalently, all the points where u is not changing. Its slope is:

/                       1,

Idul (1 -a)*R >0, (22)
IdRL4-        C   1-0,                        0

1 - 1 Q(OH--0'C e ) U /

14 This condition is a modified version of the transversality condition known from the Ramsey model
that the saving rate must be less than the share of capital or: a > s, see e.g Barro and Sala-i-Martin (1995,
P.89).

15 Alternatively, thestabilitycondition could be rewritten as (1 -u)(1 -e)(1 -sp)>(1 -a), which is derived
from the transversality condition stating thatfcannot grow faster than the interest rate r in the steady
state.
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where*-[(1-a)/e]Q(i)Hu+[(1-a)/(1-e)]Q(,)H. The denominator is positive as a
consequence of the stability condition, i.e. when u>(e/(1-e))2. The equilibrium can be
found where the two phase lines intersect. Starting from an initial capital stock (Ko) and
an initial firm-specific knowledge stock (Fo), a jump in u leads to the stable branch, and
the economy converges along the stable branch towards the equilibrium.

, du/dt=0

.            4             /4,

.'..../......
- dIUdt=0

¢
R

Figure 1. Phase diagram

4. A computer revolution...

A GFT, as the computer revolution, likely affects the marginal productivity of research

as it opens up new opportunities for knowledge-creating activities throughout the
economy. This chapter steps back from the detailed differences in GFrs explored in the
previous chapter and simply mimics the computer revolution by an increase in Q.
Accordingly Q(0 increases to Q(i +1). Hence, the productivity of learning or time spent
doing research increases. Only the high-skilled workers can benefit initially from the
increased productivity in learning. Time devoted to learning and assimilating the new
technology becomes more valuable. Graphically, this can be represented by arightward
shift of both the zi -0 and theR-0 loci; see Figure 2.
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A dll/dt du'/dt

U

6,

.k

X.+ 'r

dR/dt dR jdt

R

Figure 2. Adjustment to the new steady state

Onimpactu falls to equate the marginal productivity ofhigh skilled workers inlearning
and producing. Therefore, more time will be spent learning and less time will be spent
producing in order to accumulate F. The growth rate of output falls, exactly because u

falls, see Figure 3a. Over time output growth recovers as the stock of technology
increases. Hence, high-skilled workers reduce time learning because a higher stock of

knowledge increases the value of anhour producing; seealsoFigure3b. Wage inequality
rises immediately after the shock; see Figure 3c. The increase in Q leads to apermanently
higher growth rate in the long run, see equation (20). The reason is that the productivity
of an hour spent learning has increased permanently.
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U

(a)                t-

g'

(b)               t

WL WH

(C)                  t

Figure 3. Effects of an increase in Q

5.... and the reason why we don't see it

Measuring the total factor productivity effect of the computer revolution implies, as the
modelling exercise above stresses, adjusting labour input time for learning and

accounting for the production of firm-specific knowledge capital.

5.1 The knowledge-input problem
Due to on the job learning, as we modelled the struggle with the new technology here,
production falls. This fall in goods production is recorded in the national accounts,
whereas the accompanying reductionintime spentproducing due to onthe job learning
is not recorded.16 •I'his knowledge input problem tends to reduce measured TFP.17

To measure productivity appropriately, our model stresses thatanadjustment for
learning time should be made. Thus the production function looks like: Y=AF(K,L,uH).

16 The same reasoning holds for all kinds of R&D activities and for costly, technological-opportunity
driven, adjustments. These costs are likely to cause an over-estimation of labour (research time) and
capital (investments that are adjustment costs) inputs in national accounts.

u Barro (1999) ignores the knowledge-input problem by focussing on the productivity of the gross

output stream (that is, gross of intermediates and R&D expenditures). His simplifying assumption that
physicaloutputistheinputoftheknowledgeproductionfunctionserves analyticalconveniencebuthides
a serious measurement problem.
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Hence, to get actual TFP growth of physical production, inputs in physical production
should be adjusted to the actual level:

A   =   9   -  XKK   -  XLL -XH(H   +   u) , (23)

where XH-(A(aF/auH)uH)/Y.18 The difference between input adjusted productivity
growth, A, and measured productivity growth, 6, is -XH 2+0(H- H)R. For expositional
ease we focus in the remainder on the endogenous factors in our model, hence  £=A=0

(more details are provided in Appendix B). Because factor income shares are used in
growth accounting to approximate the X'sit is impossible to distinguish 12H from  XH' as
our premise is that u is unobservable. The difference between input-adjusted and
measured productivity growth is then:

A= 6- )61u. (24)

Onlyinthecase that u iszero, productivitygrowth is measured accurately. However, if 11
is negative after the technology shock, as skilled workers increase learning time, total
factor productivity is underestimated if measured in the naive way. A computer
revolution induces increased learning time which leads to an underestimation of

productivity growth. As u is unobserved, the estimation bias has to be inferred

indirectly, an issue to which we turn in the next section.

5.2 Playing and learning
A back of the envelope calculation for the 80s reveals that the magnitude of the
measurement error could be substantial. Think about potential computer users as white-
collar workers or non-production workers, two concepts empirically sufficiently similar
for our purpose. Also blue-collar workers use computers and hence spent time learning.
We ignore blue collar workers to get a conservative estimate of the measurement error.
The 1979-1989 average wage-bill share of white<ollar workers is roughly 0.46 (see
Berman, Bound and Griliches, 1994). Combining this with the total share of income for

labour of 2/3, XH (=SH)' is approximately 0.31.
One can think of u as time spent on on the job learning to master computer

technology. Think of all the'useless' surfing on the Internet.'Useless' should be read in
terms of gathering information that is instantaneously valueless. But this surfing
contributes to the stock of knowledge,  i.e. how to get information; an asset that pays off
inthe future. A similar point canbe made using e-mail, learningto use a word processor,

18 Again X is used to denote income shares as we assume that production function F is similar to G.
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changing a complete department to use CAD (Computer Aided Design), etc. The time
used for learning on the job is more speculative: suppose people starting to use the
computer begin to experiment. Suppose that this takes an hour on a working day. This
number seems excessive for some of the examples above but it is a lower bound for the
ones where optimal computer use requires a reorganization. If all white- collar workers
started experimenting in the same year, 12 would be -15%, and productivity growth
would be underestimated by 4.65% (0.31*15%).

More plausible is the assumption that not all white-collar workers start to learn
at the same time. Using data on computer use by Krueger (1993), we can infer that 5 %
of the white-collar workers in 1979 used a computer, whereas this number increased to
48.4 % in 1989.19 This implies thatonaverage4.3% of the white-collar workers start using
the computer every year. Consequently, underestimationof annual productivity growth
of 0.20 percentage points would result (0.043*4.65%).20

Totalfactorproductivity growthinmanufacturingis onaveragel.2% (1979-1992).
Before the oil crisis this was 1.8% on average, see Gullickson (1995). Taking only white-
collar workers into account our measure explains 33% of the productivity slowdown of
0.6%-points! This back of the envelope calculation reveals that the impact of computers,
decreasing productive time, could be substantial. Hence, it is not surprising that we do
not observe increases in TFP yet.

The calculation above, though ad hoc and uncertain, reveals that the input
measurement error can be substantial. The next section deals with the other
measurement errors inrelationto a computerrevolution and provides a more structured
measurement strategy.

5.3 The knowledge-output problem: a dual approach to growth accounting
An appropriate assessment of the viability of the whole economy requires a more
comprehensive output concept, broad output that includes the value of produced
knowledge capital (qf F  in the model). Output-adjusted productivity growth measures
the productivity of the entire economy, including the productivity of knowledge

19 David (1991) indicates 1977 as the year of the introduction of the micro computer, so in 1979 hardly
anybodyworked withacomputer. Using 5% ofthepeoplealready acquainted withcomputers isprobably
reasonable.

20 There are actually much more subtleties involved in estimating this slowdown. For example the
length of the learning period should be taken into account as well as whether the adoption of computers
accelerates ordecelerates in the period, because people thatstop experimenting cause productivity growth
to be out:restimated again.
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production within firms. It is easy to see that output adjusted or ideal TFP ( A') exceeds

input adjusted TFP, as there is a positive jump in the wage of the skilled workers

(Appendix B provides a derivation):

A'  =  A + (1 -u)XHIDH (25)

Hence the input- and output<orrection method are not identical. The reason is that
skilled workers start to learn on-the-job more intensively because the knowledge-
investment activity is more attractive. Hence, ignoring the knowledge production part
of the economy in growth accounting implies that the part where productivity gains
arise is excluded.

Putting all pieces together, (25) and (23) substituted in (2) yields:

D-A  = 2„12-0(H- H)H-(1-u)XHZDH ' (26)

Hence D underestimates true productivity growth of broad output (A') for three
reasons (remember  :2<0 and XH, H). The first term on the rhs is the input exaggeration;
increased time doing research leads to an underestimation. The second term on the rhs

of (26) indicates the productivity effect related to the scale effect prevailing in most
growth models.21 The third term indicates productivity growth in the research sector.
Substitute TDH=4f+(2+f therein to obtain additional insight: (i) a GFI' increases research

productivity and the shadow price of knowledge capitalin terms of consumption goods
increases (ii) productivity of knowledge production goes up as organisational or firm-
specific capital Of ) increases. Thus, the Solow residual might record a slowdown while
the economy actually is booming.

How about our premise that u is unobservable? Both the input and the output

adjusted TFP measures that correct the naive TFP measure, equation (24) and (25),
depend on u. However, the output adjusted or ideal TFP growth measure is easily
approximated byapplying the dual approach to growth accounting. The dual approach
starts from either a cost function or the income-expenditure identity. The cost function

exploits the logic that factor rewards (= factor costs) can only increase if productivity

21 A differentway of lookingat (26), is by inserting thesteady-stateconditions 11 =H=Q =4/'Oand noting
that the productivity growth of broad output (/i ') is simply a weighted sum of productivity growth of
narrow outputD and productivity growth in research and learning, P.
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increases. Alternatively, as Appendix B shows, recognizing that for all that is produced
production factors are paid yields the following relation for dual growth accounting:

   =  XH H + XL#L + XKf . (27)

The dual approach to growth accounting gives an indication of the viability of all
production possibilities including firm-specific knowledge capital. Empirical research
estimating TFP by the dual approach is not widely available.22

The exposition yields three lessons. First the knowledge-input problem affects

growth accounting if u is non-stationary. Second, dual growth accounting is suitable if
the production of valuable unobservables (knowledge for instance) is important. Third,
the upsurge in wages of skilled workers preludes higher future growth rates. That is, as
skilled workers' wages increase and productivitygrowthis sluggish, eithercapitalrental
rates and unskilled wages should be declining or productivity measurement is limited
to a concept that is overly narrow. We claim the latter is the case.

6. Conclusion

This chapter has argued that increased wage inequality could well be the consequence
of the computer revolution. We constructed a very simple endogenous growth model
in which skilled workers received a premium as a result of higher productivity in
learning or R&D in order to cope with the new technology. Output growth falls on the

impact of acomputer revolution as skilled workers reallocate their time fromproducing
to learning. Unskilled workers will experience an initial decrease in wage(s) (growth)
because there areless complementaryskilled workersproducing. Asthenew technology
is implemented, skilled workers gradually reshuffle their time and spent more and more
time producing again. Consequently, wage inequality decreases as skilled workers
cooperate with unskilled workers in production. Output growth will recover in the long
run when the value of doing research decreases relative to producing as the new
technologyisimplemented and thestockof productiveknowledgeincreases. Inthe long
run, the growth rate of the economy is permanently higher because time devoted to the
assimilation of new technologies has become more productive. Wage inequality will be
at the same level as before the computer revolution.  We have shown that if one does not

22 See Hsieh (1998) for an extensive discussion of the dual approach to growth accounting in the
traditional applications. Here we stress the suitability of the dual approach in case unobservable output
(knowledge) is produced.
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take into account that the computer revolution has decreased production time, one

seriously underestimates the rate of technological change. Hereby, we have given a clue
to why wage inequality has increased due to the computer revolution and the fact that
the computer revolution cannot be traced back in the productivity statistics.
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Appendices
A. Solution of the model

A.1. Firms
The current-value Hamiltonian of the optimal control problem for firm j reads as:

Mi=px,_w jil-U,LL 1-rK i+qi,Q(y,(1-u)H j . (A.1)

Someadditionalnotationsimplifies the exposition: 0- 11(1 -a) and E-(1 -p)(1 -a). The first-order
conditions for an optimum are:

ag

*-P,< 9,}ETK,·41-,(u,H,).L'' 1-ui'.0.                                                                 (A.2)

aM
i.r - p  .5_1  aTK,a-lf-a(uH)eL,S=r.                                       (A.3)al<j   C e

._lf=o  -  p ILl} eTKV'f-"(u,H,)eu,-'Lt--'4QC'.)fH,=0,                                                      (A.4)
auj     C e

80{ (81)
 3#=p,1 --Z  eTK, '-'(u,H,)"H,-'L,--re„-qf,Q(,14(1-u,)-0. (A.5)

89 C e-11                  -
_if  = "4-4,3 -pil -rj (1 -a)TK,11 -a(u,H)"Lf-+ (A.6)

qnQ41(1-u)Hj=Tqh-4fj.

In addition we have to impose the transversality condition:

lim,--f,exp -f (v)dv =0. (A.D
0

The second and third FOC's give the no-arbitrage condition for the allocation of time of
high-skilled workers in the production of goods and learning:
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C e-1,
"'H - P(-rjeTKTI'-'(„,H,)"-'L,E (A.8)

= qf,Q(04 .

A.2. Equilibrium
First, the differential equation for R =F/K can be obtained using the economy's resource
constraint

 -Q(t)(1-u)H-spTR 1-0(uH)eLE . (A.9)

The derivation of the differential equation describing u requires two additional steps. First the
no-arbitrage condition (A.5) can be differentiated with respect to time to arrive at:

al(+Ci-e)11=-& . (A.10)R  u qf

Second, wecan substitute the firstterminFOC (A.6) outby rewriting theno-arbitrage condition:

· (1-a)TR -°(uH)eLS._1 a
Q(i)uH. (A.11)

Using the last three results we obtain the differential equation in it:

d   (1 -a) (  1 -a) C    a(l  - sv) )-4  - I QUNH+1 -1 Q(i)H+1 ' IT'Rl-g(uH)eLE . (A.12)u<e) (1 -e) C e-i )

A.3 Stability
The stability of the equilibriumcanbe checked by evaluating the determinantofJacobian matrix
J at the equilibrium E:

aR   aR
- -

aR au               (A.13)
1.

au    a 
- '

aR   au

The four partial derivatives of J at E are:

Fflil  = -(1 -a)Q(i)(1 -u I)H<0 , (A.14)
[aRJE
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Faul    -< 1-«)                  1 1 -:t
r- i -4 - i Q(i)Hit ' + -1 Q(i)H- (e +1)0><0 , (A.15)[8 1 1]E       C     e   j

. ,

la*1  - -QU)HR ·  1.eli' <e
. (A.16)

[ au 1& U )

<  1 -a )  r 'u'

131,--(1-,p)  1-ej T<0
. (A.lD

where  0. a(1 -sp) TR .1-a
(u 'H)eL E.  From the  11 -0 locus follows that  at  E  we have:

1-e

0=1 Q(i)Hu '+1-a Q(i)H
. (A.18)1-e

The equilibrium is saddle-point stable if ali/eu>0; then the determinant of the Jacobian is
negative. This will be the case if:

1 1.-al Q(,)Hu 0 -f.>O . (A.19)C e )       U

Substitution of * gives:

  \2

u I'C 1-el
I (A.20)

B. Accounting

B.1 Accounting
The following assumptions with respect to the accounting procedure are necessary to obtain
consistency. We assume the following: (1) Households own the shares of firms producing
differentiated goods. (2) The manager of the firm decides on investment in firm-specific capital
where after (3) firms pay profits (II =xp,-rK,-WLL,-wHH,) to households. (4) Firm i pays rental
rate r to the capital assembly firms who pay this as dividends to the household.(5) Households
decide on saving over total income (wage income, dividend and profits).
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Firm i Households

r K,                    p,C                         P C                  D

R'LL,                    p, 4                              S                       it,H H

U illH H,                                                                            11'L L

(1-11)7011 H,

Jr,
------------

ST(=qfdF/dt) (1-u)WH H,

K-firms

D        r K

PiI             S
------------

divdt                 Pl I

Note that due to these assumptions total investment (below the dashed lines) is equal to savings
of households and savings generated internally in the firm. The assumptions with respect to
accounting (and hence the model) could, without altering the main results, be changed such that
total investment equals total household saving. It would unnecessarily complicate the analysis
of the dynamics of the model.

B.2 Standard growth accounting
Standard growth accounting ignores the accumulation of firm-specific knowledge capital and
hence does not take into account investment time for firm-specific knowledge capital. So start
with a standard production function:

Y=DG(K,L,H) , (B.1)

where K , L, and H measure physical capital, unskilled and skilled labour respectively. The
growth of output is associated with growth in production factors and technology. By
differentiating with respect to time, dividing by   Y (=Y) and rewriting this yields:

0-9-XKIT-XLE-XMA ,                                                             (B.2)

where  X =(D(aG/BOO/ Y,  i=K.L.H. In practice the X's are approximated by the factor income
share, which is appropriate if the social marginal product equals the factor prices. The model
presented in the main text does not have any externalities related to factor inputs. Therefore, the
approximation is indeed appropriate.
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B.3 Growth accounting with endogenous growth and firm-specific capital
The accounting procedure presented in Appendix B.1 shows thatalongside the physical output,
Y   (Y=C+I), knowledge capital is produced. Define  the  sum of these as broad output:  Y  B.
Obviously total production equals total income, see also Appendix B.1 (note that profits are
ignored in the remainder), therefore:

Y B-WLL+rt,HH+rK .
(B.3)

Differentiating the definition for income-production equality yields, after rearranging:

98 -u,LL(£+IDL)+rt,HH(H +WH)+rK(f +K) . (B.4)

Noting that total production includes knowledge production C Y B = Y+qfF), differentiating this
equation with respect to time yields:

f =9+4fF+qfF . (B.5)

Differentiating the accounting identity, q  F=(1 -u)it,H , and substituting this into equation (B.5)
and substituting the result into (B.4) an dividing by Y yields:

12+* {(1 -u)(Hri,H+WH )-liwHH  =
u'LL .

WHH                           rK
(B.6)

Y(L *IDL) + 9-(fi+WH) +Y(f +4  .

Rewriting yields:

It'HHC .u)
Y+(1-u)-1 W.+H--11 =Y n 1-u

(B.Dw L . w H      rK
- (L+WL)+ (H+TOH)+Y('+4 .

Now introduce the assumption that the X's equal the income shares and substitute (B.2) into the
previous expression and rewrite to get:

1 -ti'L+-- WH+TK'.0+(1-u)-- H< TDH+A--1-12 |  ,                                                   (B.8)1-u j

which is the equation following from the equality of (25) and (21 in the main text. The
expression on the rhs is closely related to the perfect measure for productivity growth. The
perfectmeasure forproductivity growthis derived directlyfromthemacroeconon'tic production
function used in the model:

Y B.AF(K.L.u/i) +q (2(OF(1 -u)H . (B.9)

In growth rates:
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128-     AF-(K,L,uH)A +4'KK +19,£+4'.H(11 +H)
YB

* qfQ(i)(1 -11)HC  .      .         .   .1      u      )
(B.10)

YB   lit   )
I qf+Q(i)+F+ti--ul ,

where 44 -AFi/Y:  i=K.L.uH. Usew;,-0.Q(i)F (see (A.8)) toget zi,H='lf+Q+Fand substitute this
in the previous expression. Bringing ad factors relating to changes in factor inputs to the 1hs
yields an expression for productivity growth.

f'-wki-4,LI-41"H{ 1.l uR 
=AF(I<,L,uti)A  /         UN,HH) 1;+, „     u'H    It

(B.11)
+1                                   W

y,          l -u"-   y,  J
r .HAF  1-u  MuH

Now substitute the factor prices for the marginal products. This gives us the following
expression for the perfect measure for productivity growth of broad output:

A,= PB-ZE.R- WLLE- WHHA_ AF(K, L,ut:1')A + (1 -u)WHH
YB  YB  YB     YB       YB

*H (B.12)

This expression for true productivity growth (A') has an obvious interpretation: productivity
growth of broad output is the weighted sum of the increase in the technology of physical
production and the increase in productivity of knowledge production. The latter is in turn equal
to the change  in the productivity of knowledge     (as   WH=*Q+f  ):  that  is the increase  in
organisational or firm-specific capital (/), the productivity effect of the GFT, plus the change in
the shadow price, which is the value of knowledge capitalin consumption goods. The weights
are the factor-income shares in broad output. Our final task is to relate  A  to our observable D.
Use Y=DG(K,L,H), Y=AF(K,L,uH)  and  Y=Y to arrive at:

b=A+XHU-(XH- H)A , (B.13)

where XH-(AFuHMH)/Y. This expression prevails in the main text as the
knowledge-investment-input-corrected growth account. Multiplying  (B.12)  by   Y B/ Y  and
substituting (B.13) for A yields:

1;{'.-fl '-9:'-9<'«}                 t'.,4).    (1 -u)wHH-D+ ZDH+XHrt- XH-XH)H .
YB

Substituting in (B.14)'s X's thatAFH=WH (which is easily verified to hold in the model) yields on
the rhs exactly the expression derived by the dual growth account (rhs of (B.8)).
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m LL            w HH              rK                                   w HHI ti -)

YIDL+YWH+-rf =D+(1-u)Y<TDH+H-
---Ul
1 -u

-YB(28_rKIZ-U,LLE-"HH 1          (B.15)Yl  P 77 7 j
YB .1
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Hence the dual growth account overestimates the growth rate, as it is the ideal measure times
Y0/Y, and YB>Y. It is obvious that the dual growth account overestimates the growth rate as the
weights on the 1hs of equation (B.8) are too high as their sum exceeds one (use  YB>Y and
equation (B.3) to see this). However, as mentioned above, in practice the factor income shares
that sum to unity are used, and hence the dual approach tends to the perfect measure.
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Vested Interests and
Resistance

Adopting a General Purpose Technology

Abstract'
Employed technologies differ vastly across countries. Within countries many technologies that would
obviously improve firms' efficiency are not adopted. This chapter explains these observations by
emphasizing that a new technology positively affects workers by lowering prices and increasing their real
income. but also negatively by costs of getting acquainted with the new technology. If the costs of
adoption for workers exceed the benefits, workers will aim at keeping the old technology in place. We
formalise the trade-off in a simple OLG model with majority voting. Age groups that lose from adopting
the GFT resist. Successful resistance blocks adoption and hence lowers growth. Finally, we analyse the
effects of tougher competition. Tougher competition generally mitigates resistance and thus favours
economic growth as it increases the share of the rent associated with the new technology that is being
captured by the workers.

'
This chapter is based on Canton, DeGrootand Nahuis (1999). I want to thank Theo van de Klundert

Lex Meijdam, Peter Mulder, Peter Nijkamp, Jacques Poot Erik Verhoef, and participants of the 1999 EEA
conference in Santiago de Compostela for useful comments on earlier versions of this chapter.
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1. Introduction

Do firms in the same industry apply the same and best-practice technology? Do all
countries use the same technology? The answers to these questions are obvious:
technologies employed by different firms and indifferentcountries differ tremendously;
even in modern times with the huge advances in travel and communication technology.
"Germans have been shocked by the weak technical standards in Britain" is not a quote
from decades or centuries ago, but actually from 1998: Such differences in technology
are hard to understand by relying on the standard view on technology that treats
technology as a public good that is accessible to everybody at no cost. The question
becomes urgent why not everybody is employing best-practice technologies, even
though these technologies are known and yield, by standard means of calculation, a
positive net present value.

Several explanations have been explored. Firstly, technology could be localized,
meaning that the technology is available but useless with the given production
technique.2 This perspective explains why a seemingly better technology may actually
not be superior in specific circumstances. Such a perspective might shed light on cross-

country differences between widely different countries, but does not explain why in
seemingly similar countries best-practice technologies are not implemented. Secondly,
asymmetric information resulting in capital market imperfections, or information costs

resulting in bounded rational behaviour might explain seemingly sub-optimal
behaviour. Thirdly, uncertainty with respect to future pay-offs may prevent firms from
investing given that the investments are often to a large extent irreversible (for example,
Dixit and Pindyck, 1994).

The perspective taken in this chapter is one in which we argue that adoption of

a major new technology is costly. We refer to such a technology - that is useful to a wide

variety of applications in the economy and requires adoption cost - as a GFI' (Chapter
3 discusses the concept in greater detail). Jovanovic (199D argues, for example, that

adoption costs outweigh invention costs roughly a factor 20 or 30. Also, evidence that

1 Tile Economist 50 December 1998. About German BMW assessing productivity in the British Rover
factories.

2 Localized technological progress (Atkinson and Stiglitz, 1969, Stiglitz, 1987, and Antonelli, 1995) or
appropriate technology as Basu and Weil (1996) call it, provides a potential micro-economic foundation
for the specificity of knowledge. The basic idea of localized learning is simple: learning-by- doing or
innovation does not shift the toml isoquant inward, but only the part that is actually used (hence where
the initial technology choice was optimal given the factor prices).So with different factor endowments
a poor country is unable to acquire total factor productivity levels of a rich country, as the technology
requires the factor endowments of rich countries.
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diffusion lags for new technologies are long suggests that sizeable adoption costs are at

work. Opposite to common approaches (for example, Parente1995, Parente and Prescott,

1994), we focus on the costs that workers have to bear. Alongside firms' installation and
instruction costs, workers have to learn to use the new technology. An example is a

training program for a new technology that will be offered to employees during normal
leisure hours instead of during working time. Inthe latter case, traininghours effectively
reduce production time so that firms bear the costs in terms of foregone production. In
the former case it is the employee who has less leisure time left. Hence, the distribution
of the adoption costs among different groups of workers, as well as among firms on the
one hand and workers on the other is relevant. In this chapter, we focus on these

distributional issues.
The story this chapter tells is simple. First the net benefits from adopting a GFI'

may be unevenly distributed among workers when workers are heterogeneous. The
heterogeneity is captured by differences with respect to age. Older workers could be
more hesitant to a new technology since they have to go through a costly learning

process, whereas they are not able to reap the full benefits from working with the new
technology. Young workers are more willing to accept a new technology since they can

recover the cost of training more easily, simply because their remaining lifetime is

longer. Second, the share that workers get of the rent that is associated with improving
the technology will generally differ fromthe share that the firm gets. This difference may

depend on, for example, the competitiveness of the industry inwhich firms are operating
(an idea that is also present in Aghion and Howitt, 1998a, and Prescott, 1998). Once a
majority of the workers calculates that the net benefits of the new technology are
negative, they will block the GFI' by a majority vote over the allowance for the new
technology. We thereby explicitly recognize that a firm is a collection of individuals,
which cannot be modelled as an entity with a single mind. Although we model the
decision to adopt a technology by voting, one might as well think of it as a decision
influenced by resistance activities. In the most general interpretation, these activities
include threats of worker disobedience, threats of consumer boycotts, loss of political
sympathy, etc.

The idea that new technologies or innovations are met withresistance is not new.

As Machiavelli (1961, p. 51) pointed out "There is nothing more difficult to arrange,
more doubtful of success, and more dangerous to carry through, than to initiate a new
order ofthings.... Menare generally incredulous, never really trustingnew things unless

they have tested them by experience." In a similar spirit Schumpeter argued that " . . . in

the case of something new being attempted, the environment resists while it looks on
with - at least - benevolent neutrality at repetition of familiar acts. Resistance may
consist in simple disapproval - of machine-made products, for instance - in prevention
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- prohibition of the use of new machinery - aggression - smashing new machinery.
.

(1939, p. 100, italics added). Though in our formal analysis the focus is on voting over
prohibition, the broader interpretation should be kept in mind when evaluating the
results.

The basic conclusion we arrive at in this chapter is that GFI's of which the
associated adoption costs are borne by workers, are unlikely to be adopted. Moreover,
in anti<ompetitive environments it is more likely that a new technology is resisted as the
share of the rent associated with the new technology that accrues to workers is relatively
small, making them more hesitant towards adoption.

The analysis adds to the literature on population ageing by emphasizing the
relation between age distribution and technology adoption: economic growth may be
reduced in an ageing society as the willingness to adoptnew technologies is decreasing
in remaining lifetime. Hence, the chapter provides a complementary perspective on
problems related to the age distribution of the population - besides issues in relation to

savings and pensions.
The analysis in this chapter proceeds as follows. The next section discusses

historical and anecdotical evidence on resistance to technological change. Section 3

presents the model we develop to analyse the adoption of technology and discusses the
most important assumptions. The basic framework is as simple as possible. Hence

initially we abstain from issues related to entry and exit of firms and endogenous costs

of learning to use the new technology. These assumptions will be discussed and relaxed
later on. The trade-offs different generations face and the way in which the generational
composition of the economy affects the likeliness of a technology being blocked by
workers is discussed in Section 4. Attention will also be paid to endogenising learning
costs. Section 5 evaluates the impact of competition policy. Having discussed the basic

model, Section 6 analyses the model under free entry (and thus an endogenously
determined number of firms). Section 7 concludes and discusses some potential
extensions of the simple framework developed in this chapter.

2. Resistance to technology

This section argues by means of anecdotical and descriptive historical evidence, that
resistance to technology is a potentially powerful explanation for the lack of
implementationof'best-practice' technologies. Aconvenient framework fortheanalysis
of resistance totechnologicalchange distinguishes three separate but related layers. First
as technological progress can be viewed as a positive-sum game, it is not immediately
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obvious that resistance should arise at all. For resistance to arise there should be losers
alongside the winners. 3 Hence, the first layer explores the underlying incentives for
resistance activities. The second layer explores the action of resistance, hence whether
the incentive forresistance fulminatesin, for example, violence, regulations or unionism.
The third layer consists of the consequences of the actions taken, namely the dynamic
and static inefficiencies that arise due to effective resistance.

Section 2.1 explores, by means of analysing descriptive (historical) material,
mostly the second perspective, that is, what type of resistance willlead to non-adoption
of technology. Section 2.2 discusses theoretical approaches to the economics of
technology resistance. This is a literature that deals rather implicit with the actual
resistance activity and focuses on the incentives and resulting inefficiencies.

2.1 Resistance

The failure to adopt new technologies may derive from various sources. The first and
historically very relevant obstacle to the adoption of new technology is violence and
effort to get political acclaim for the request to stick to the status quo in production
technology. A difference in the extent and success of resistance to technology is one of
the, admittedly many, pieces of the puzzle of why the Industrial Revolutionoccurred in
Britain and not on the Continent. A piece, moreover,  that is "barely...explored"  and
"dimly understood" (Mokyr,1990, p. 255, 266). The Industrial Revolutionbrought gains
to consumers and a few innovators, while the costs were mostly borne by skilled
artisans. On the Continent "the old urban guilds became a fetter on technological
progress" (p. 258) and workersrioted against spinningmachines imported from Britain:
The guilds resisted less by outright violence and riots, but more through a vast body of
regulations and restrictions. Though resistance was eventually blown over, it retarded
the introduction of new technologies on the Continent substantially. A potential
explanation for less successful resistance in Britain is the fact that the ruling class had
most of its assets in real estate and agriculture; assets whose value was not threatened

J
Though obvious, the necessity of distinguishing between groups that tend to lose and groups that

tend to win from technological progress immediately reveals that a symmetric, homogeneous-agent
framework is insufficient for our purpose.

' Mokyr warns nottoident®machine breaking, commonly observed early in theIndustriaIRevolution,
with resistance to technology. More often this was simply a sign of a labour dispute, as machines were
a vulnerable target.
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to be reduced by technological progress. Hence, the British ruling class had no interest
in granting workers' claims for resistance (Mokyr, 1990).5

Second, obstacles to the adoption of new technologies may be unions that by
acting in favour of their members, resist labour-saving projects. Examples are found in
the textile industry in India (Wolcott, 1994) where workers had less incentive to adapt
and more ability to resist to the introduction of labour saving technologies. Another
example is the United States coal mining industry where strong unions were able to
resist technologicalbreakthroughs until they werepressed to giveup theirresistance due
to the availability of cheap oil (Prescott, 1998).

A third, currently most pressing source of the failures to adopt best-practice
technologies derives from regulations and laws that formally prevent technological

improvements. Their importance is well established in Baily (1993) and Baily and
Gersbach (1995). Bailystudies productivity differences inserviceindustriesb operating in
Europe, theUnited States andJapan, and evaluates the role of certain types of regulation
and the intensity of competition as a potential explanation for observed productivity
differentials. The general lesson to be drawn is that incomplete convergence in service

industry's productivity is due to regulatory barriers and lack of competition, causing
slack and inhibiting productivity growth. Such barriers could be created by special
interest groups, trying to protect their economic interests. A case study of banking
stresses the idea that available innovations may not be adopted without the threat of
competition. Competition in the banking industry is limited by the regulated structure
of this sector, resulting fromthe fact that most countries considered financial stability as
more important than economic (competitive) efficiency. In the United States, however,
the regulatory environment has encouraged competition. Overall productivity varies

widelyinthe countries studied. Germany's overallproductivity levelinbanking isabout
68% of that in the United States. This productivity gap is due to the failure to exploit
economies of scale and scopeinGermanbankswith their many smallbranches, and their
less effectiveuse of information technology. Part of theproductivity differential between
German and United States banks is due to the fact that far fewer transactions per person
pass through ATMs in Germany than in the United States, so that German banks need
more labour input to dispense cash to their customers. The fact that new technologies
such as ATMs were earlier adopted in the United States reflects that competition in the

5 Actually, in Britain destruction of machinery was made a felony punishable by death.

6 Four major industries are examined: airlines, retail banking, telecommunications, and general
merchandise retailing.
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United States banking industry is more intense, forcing banks to cut operation costs and

streamline their operations.
International productivity differentials in manufacturing are studied in Baily and

Gersbach (1995). Themajorpart of the observed productivity differencesiscaused by the
way functions and tasks are organized, and the fact that some companies require less
labour and material input by new designs of their products: The question then arises

why companies fail to exploit best-practice technologies. An illustrative example is that
Germanbreweries are simply forbidden to adoptbetter technologies that are used inthe
United States and Japan. Baily and Gersbach suggest that exposure to the most efficient

producersthrough globalcompetitionwill speed up the adoption ofnew technology and
promote efficiency.

Besides all mechanisms driven by some explicit loss, one might argue that "In
every society, there are stabilizing forces that protect the status quo. Some of these forces

protect entrenched vested interests that might incur losses if innovations were
introduced, others are simply don't-rock-the-boat kinds of forces. Technological
creativity needs to overcome these forces" (Mokyr, 1990, p. 12). How strong and

pervasive these pressures can be, exerted in the old days by for example guilds, has been
nicely illustrated by Olson (1982) in his book on The Rise and Dedine Of Nations. In his

description of the operation of the caste groups in India, he argues that these groups
controlled lines of business, kept crafts mysteries or secrets, used boycotts and strikes
and were organized with a strong emphasis on obedience to the rules of the caste ruling
out competition.

Despite overwhelming evidence of the relevance of resistance activities, more
formal analysis is scarce. A sketch of the available contributions will be discussed in the
next section.

2.2 Related theoretical literature
As mentioned earlier, the theoretical literature on technology adoption mainly focuses
onthe adoption costs for firms. One important exception is Helpman and Rangel (1998).

They focus on the short-run response to an arrival of a GFT, and answer the central

question under what conditions the arrival of a GFT causes a decrease in aggregate

7 Nine industries (automobiles, automotive parts, metalworking, steel computers, consumer
electronics, food, beer, soap, and detergent) in three countries (Germany, Japan, and the U.S.) are studied.
Baily and Gersbach find that physical capital and embodied technology can account for part of the
productivity-differential. The major part of productivity differences, however, is to be found elsewhere
(in technology and/or organization).
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productivity. At the heart of the analysis is a (continuous) overlapping-generations
framework. Twobasic effects are distinguished, namely (i) an adoption effect and (ii) an
entry effect. The adoption effect results from the fact that the introduction of a new
technology makes old experience worthless, implying a temporary drop in productivity
for those who adopt. In addition there is an entry effect which may be positive or
negative. It is positive in case the new technology requires less schooling and results in
students leaving school earlier than expected (the case of technology-skill
substitutability). The entry effect is negative in case the new technology requires
additional schooling and results in more people going to school instead of producing
(the case of technology-skill complementarity). The general conclusionis thatthearrival
of a new GFI' can trigger a temporary slowdown in growth. This is the more likely, the
higher the required educational level to operate the new technology, the more
experience is lost upon adoption of the new technology and the faster experience is
generated when using the new technology (making adoption more attractive).8

Adoption when technology arrives in a continuous stream, opposite to the GFT
with a once-and-for-all nature in Helpman and Rangel (1998), is analysed by Chari and
Hopenhayn (1991). In a two-generation OLG economy they show that vintage-specific
human capital of the old, accumulated through learning-by-doing when unskilled and
young, leads to slow adoption of new technology if newborn unskilled are highly
complementary with human capital of the old: Jovanovic and Nyarko (1996) show in a
similar vein that in a one-agent model, even bounded learning-by-doing might be
detrimental to growth. Abundance of expertise with a specific vintage that is non-
transferable to a new vintage (specific human capital) locks the agent in.

Complementary to our work is Caselli (1999) who analyses adoption of
technology in a model with heterogenous agents. The heterogeneity is reflected in the
cost of learning to work with the next generation technology. Where we stress the
heterogeneity on the benefit side Oifetime benefits depend on age), Caselli emphasizes
the cost side by pointing at differences in ability.

8 Some unattractive features of the model are that it is not a general-equilibrium model and that the
old and the new technology can co-exist.

9 Kruselland Rios-Rull (1996) introducea dynamicpolitical process in theChariand Hopenhayn (1991)
model and analyse stagnation and growth equilibria. Our one-shot voting approach simplifies on the
political processcompared to Krusell and Rios-Rull's dynamic voting process (where thecurrent policies'
consequences for future political equilibria are taken into account). We, however, extend their discussion
by focussing on the general equilibrium effects of competition on regime switches from stagnation to
growth.
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A theoretical contribution that is closely related to ours is Holmes and Schmitz

(1994, further H&S). They focus on the effects of trade on technology adoption. Workers
are modelled as being skilled in that they have a technology-specific advantage in one
sector of the economy. As this relative advantage is to be lost if adoption takes place,
skilled workers might opt for resistance to a new technology. Blocking technology is
modelled as a legal ban on consumption of goods produced with the newly available
technology or on the use of the newly available technology. In a closed economy these

two are identical. The cost of blocking a technology by skilled workers, by means of

resistance, is weighted against the real income gain.w  The main conclusion is that
tradeability of goods actsas animportant disciplinary device, asnon-adoption, to protect

specific rents, is ineffective because the rents will be competed away by foreign firms
who will adopt (by assumption).

Our approach differs in several important ways from H&S. Firstly, we introduce

heterogeneity by age whereas H&S distinguish workers who have or don't have
technology-specific skills. This allows us to study the relationbetween age structure and
technology adoption. Secondly, our approach differs from H&S with regard to

competition. We have imperfect competition, whereas H&S have perfect competition.
Furthermore, competition, in our perspective is (also) a domestic concept whereas H&S

only consider changes from autarky to free trade.

3. A simple framework

We study the adoption decision of a newly arriving GFI' in a simple overlapping-
generations model. Consider an economy with a large number of individuals. At time
t, a generation is born of size  Pt· At each point in time, there are three overlapping

generations alive, the young, the middle-aged and the old. Total population size at time
t is thus equal  to  P,+Pt 1 +pt  2.11 All generations  work and are equally productive.

10 Erecting a barrier increasesthepriceof themanufacturinggood relativeto theno-barriercase, so that
realincome is decreased. However, skilled workers' income mightincrease if a barrier iserected. If skilled
workers are relatively scarce, a barrier causes the price of the manufacturing good to be relatively high,
as it is determined by the marginal rate of transformation of unskilled workers between the two goods
(who are equally productive in both activities). In that case a skilled worker's marginal product is higher
with a barrier. If skilled workers are relatively abundant, their income equals that of unskilled workers
as they both produce the non-manufacturing good, in which skilled workers have no advantage.

11 In what follows, we assume, without loss of generality, that population growth is absent. This
implies that P, = P at all points in time. In the remainder, we will normalize P at one-third for
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Households are endowed with one unit of time, which they can use for working, leisure
or education. Totalleisure time (v) is thus equal to  1 -l -s, where l is labour time and s is

schooling time. Consumers derive utility from the consumption of a homogeneous good,
a composite of differentiated products and leisure. Besides the workers, the economy is
inhabited with N holders of ideas.12 The possession of an idea enables them to produce

a differentiated good. They make profits which they spend on consumption (based on
the same homothetic utility function that applies to all other consumers).

The present discounted utility (u,) of an individual born at date t is given by

2

u,  =  E 6 Icl.I t  + v v,.r.,1 '                                                                                       (1)
I =0

where 6<1 is the discount factor and v is the relative preference for leisure. In case two

subscripts are added the former denotes time whereas the latter denotes date born.

Hence, c,+I.1 is utility derived from consuming a bundle of goods at time t+I by an
individual born at time t and  v,+r., is leisure time consumed at time  t +T by an individual
born at time t. We assume that consumption and leisure are perfect substitutes.13 We
assume that labour supply (0 is perfectly inelastic and equal to l (this assumption is
relaxed in Canton, De Groot and Nahuis (1999)). The bundle of goods that is consumed
consists out of a numeraire good (y) and a composite of high-tech goods (labelled x)14
which consists of N varieties of a quality differentiated high-tech good (which are
indexed i=1,...,N). Theinstantaneous sub-utility functionof anindividualconsumer with
regard to the consumption good is specified in Cobb-Douglas format:

c  =  XFY 1 -9  .                                                                                                                                                       (2)

presentational convenience.

12 We abstain from a discussion of inheritance of patents or ideas. The number of idea owners is small
compared to the total population and therefore irrelevant for the decision whether or not a new
technology will be adopted (which is assumed to be the outcome of a vote among the consumers; see
Section 4). However, the number of idea owners (and thus the number of varieties of the high-tech good
produced in the economy) is assumed to be sufficiently large so that we can assume that firms compete
monopolistically (for different modes of competition we refer to Van de Klundert and Smulders, 199D.
Moreover, for simplicity, we assume that idea owners do not supply labour on the labour market.

13 Imperfect substitution between consumption and leisure is discussed in the working paper version
of this chapter, see Canton, De Groot and Nahuis (1999).

14 Where it leads to no confusion, we drop indices. Lower cases variables pertain to individually
consumed volumes (to be distinguished from macroeconomic volumes which are indicated with capitals).
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This homothetic utility function applies to individuals from all three generations alive

who spend their wage income, and to the idea owners, who spend their profits. The

composite x is defined as15

F N E-111
x   =  N°|19- f 7   e.1 (3)

INM ' j
where f is the individually consumed amount of the high-tech good of variety i, a
represents the taste for variety, and c measures the elasticity of substitution between any

pair of differentiated high-tech goods. The numeraire good Y is produced according to
a simple linear technology

Y = L                                                               (4)Y,

where Ly is the amount of labour employed to produce the numeraire good. Labour

productivity in this sector is, without loss of generality, taken to be equal to one. Each
individual firm inthehigh-tech sector produces according to the following technology16

Xi    =   f,ILK''                                                                                                                                                                                                                                                      (5)

where Xi denotes the produced volume of the high-tech good of variety i, Lx, is skilled
labour employed in the i-th intermediate firm, f is its labour productivity, and 51
indicates a scale effect. The labour market clears so

N               2

Ly, + I Lxit = LE  = I P,-Tlt.1-r '                                                                      (6)
i=1 T=0

where  L, is total labour supp-IZ across all generations (in time units). Due to our
normalizatiors we have L,=3Pl =l, which will further be denoted as L. Note that since

workers from different age groups are perfect substitutes, we can simply add them up.

With a given number of idea holders the condition for labour market clearing

completes the description of the model. Implicitly, a perfect entry barrier is present in
the economy such that the number of firms/ideas is fixed. The sensitivity of our results

15 A discussion of this aggregation function is beyond the scope of this chapter. See De Groot and

Nahuis (1998) and Chapter 8.

16 All individual demands of the three generations alive and the idea owners sum up to total supply
of the high-tech good (X,).
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for this assumption is checked in Section 6. In solving the model, however, we will
proceed here under the assumption of blocked entry.

We cannow straightforwardly solve the model for a givenlabour productivity and
a given number of firms by solving (i) the two-step consumer optimization problem
yielding the division of income over the goods available to the consumers and (ii) the
profit-maximization problem for producers of the goods (see Appendix A.1 for a
detailed description of the model solution). This results in an allocation of labour that
looks like

L =  11(e-1)L/N (1 -p)£L
Xi and LY =                                  (7)(1- )e +  51(8-1) (1 -BM  + Ptl(e -1)

The size of firms in the high-tech sector will be larger, the larger the supply of labour  (L)
in time units is, the smaller the number of producers (N) is, the more weight consumers
attach to the consumption of high-tech goods (13), the smaller the distortiondue to mark-
up pricing (i.e., when K is increased) is, and the more important economies of scale (Bi)
are.

4. The decision whether or not to adopt a newly arrived GPT

Having established the equilibrium solution of the model, we can now discuss how
consumers will react to the arrival of a new GFI'. Suppose that at time tl a new, better
technology becomes available to produce the quality differentiated high-tech goods (f').
When this technology is adopted, each worker has to incur a cost in terms of foregone
leisure time equal to s=s attime t=tl · Weassume, forsimplicity, that thetechnology can
fully be employed in period  tl +1  and is y times as effective as the old technology
Cy=fA/»l), Upon effectively being used, the old technology is immediately and fully
replaced by the new technology. Two remarks are in place. First we make the
assumption that the old incur the cost of adjustment even when they stand to lose from
the adoption of the GFI'. This assumption can be justified by the simple fact that change
is disliked.17 Secondly, we assume that income transfers between generations and
between the holders of ideas and workers (other than wage payments) are impossible.

17

In Chapters 3 and 4 a more structural approach to the temporary negative effects of implementation
of a GFT is presented.
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This is due to a hold-up problem present in the model. Neither people from the current
young generation nor the possessors of ideas can credibly commit to transfer money
since they have no incentive to do so once the investment has been made (under the
absence of perfect contractibility).

18

Let usnow characterize thecosts and benefits of adoption for each age group.19 We

are allowed to ignore the generation that enters the labour market the period after the
adoption decision is taken for two reasons. First we think of that generation as those

currently enrolled in primary and secondary education, hence their education will be
adjusted to the new dominant GFI'. This means that there is no additional cost of

adoption and change forthembecause they are well-prepared for the new GFI'. Second,
that generation has, in general, no suffrage and hence does not affect the outcomes of

voting.
We denote the net change in utility that results from adoption at time t  for an

individual borne at  ti -r by F,  , _-. So for the currently old, we get
1'1

[A               NA    1         -

F,1,4 -2   =   [Cti,ti -2  -  Cti,ti -2]  -  VS   ,                                                                                                                                                           (8)

where the indices A and NA refer to situations with and without adoption, respectively.
In order to determine the value of this F-function, we need to establish the consumption
index c. As shown in Appendix A.2, this value can be derived as

c  = i  BC£-1),tfLf-11 B1 (1 -B)1 -B  .                                                                                                             (9)
C     EN' -a    j

Since the new technology only becomes effective after one period and Lx isconstant (see
equation (7)), the consumption index is not affected by adoption and hence FLM-2=-v/.
So the currently old lose from adoption. Once the new GFI' is implemented, they have
passed away. Nevertheless, they have to incur the cost of foregone leisure. As a

consequence, the currently old will be against the adoption of a new technology.
For the other two age groups, the returns from adoption are not necessarily

negative. On the one hand they gain due to the fact that the GFT enlarges their (future)
consumption basket. This follows from the fact that Bc/8»0 (see equation (9)). On the
other hand, however, both groups lose as some leisure time has to be foregone. Without

18 This implies that the adoption decision is in some cases not Pareto-efficient. Moreover, the economy
is not efficient due to distortionary pricing in the monopolistically competitive sector.

19 Whether the possessors of ideas are in favour of adoption depends on two factors, namely (i) the
effect on their nominal income (the profit n), and (ii) the purchasing power of the profit.
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adoption an individual has  1 -l  units of leisure, while with adoption individuals only
enjoy 1 -l-s time units of leisure. These costs are more likely to exceed the benefits for
the middle-aged than for the young since the former can only benefit from the enlarged

consumptionpossibilities for one period. This shows up in the F-functions for the young
and medium aged, that respectively look like

A NA, - A NA A     NA ,
F,1,4    -   [Ct,·4  -  Cti·41  -  vs  +  6[c, 1 „1.4  -  C,1.1.41  +  62ICI,.2.11  -  Ct,.2.11 J

, (10)

and

A NA - A NA

F,1,4 -1   =   [C,1,4 -1  - Cti,4 -1]  - vs  + 6[clt ·1.Il -1  - Cti.1,4 -11
· (11)

From these two equations, it is evident that a sufficient condition for the young to be in
favour of adoption is that the middle aged are in favour of adoption ( F,1'11>Ft  1  -1)·Hence,

1, 1

under a system of majority voting the critical question that we need to address is
whether the middle-aged are in favour or against adoption since the middle aged have

A NA A   A NAthe decisive vote. Using equation (9), we can derive that  c,,  =41      and  ctl.1 -Y'ct, ; recall
that y=fA/f. The middle aged are thus in favour of adoption provided that

F,i.4-1  = 6(YB - 1)(,3,4.1 -v s>0. (12)

So adoption is preferable if the discounted benefit from accepting the GFI' exceeds the
associated cost in terms of foregone leisure.

We willnow proceed by characterizingthe increase infthat is required to make the

group of middle-aged people just indifferent between adopting the new technology and
proceeding withtheold one. This criticalincrease willbe labelled y'. Since aF/ay>0 we
know that there is exactly one value y'>1 for which middle-aged consumers are
indifferent, i.e. F=0. Combining equations (9) and (12), the critical value of y is easily
derived as (see Appendix A.2)

v*Nl -0)9
-1/B

y' =1+                                                              (13)
6 (e-1),tjLxw-1 (1-4)1-B

where Lx is determined by equation (D. Obviously, the required productivity gain to
leave middle-aged workers indifferent is increasing in the time loss (s). y' is decreasing
in 6, as a loss today is more easily compensated tomorrow, if tomorrow is valuable.

The costs of adjustment (s) have so farbeen simply modelled asbeing independent
of the nature of the GFI' (y). More realistically, we might model the cost of adoption as
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consisting of an exogenous part, and a part that is related to the size of the increase in

productivity:

s  - s+ a (Yl'-1) . (14)

The parameter a>0 reflects the idea that adoption becomes more costly if the increase in

productivity becomes larger, while b>1 captures the idea that costs of adoption increase
more than proportionally with the increase in productivity. The solution of the model
can now conveniently be represented in a graphical manner as is done in Figure 1. The
vertical axis in the graph depicts gross benefits of adopting the new technology for the
middle-aged consumers (i.e., the increase in utility associated with the higher
productivity; the light dashed line), costs of adopting the new technology (the heavily
dashed curve), and the net benefit (the solid line). The new technology will be adopted,
provided that the net benefit is positive.
The figure reveals that adoption will occur provided that (i) the increase in productivity
is sufficiently large in order to enable the consumers to 'recover' their loss in utility
associated with thecosts of adoption, and (ii) theincrease inproductivity isnot too large
in order to prevent the adoption costs to dominate the gross benefits. So improvements
should not be too small, as change bears some fixed costs, but improvements also should
not be too large either as learning costs will become prohibitive. Any factor that will
increase the gross benefits of adoption or decrease the costs will enlarge the range of

.
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Figure 1. Endogenous adoption costs
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technologies that will be adopted.20

5. The effects of competition on technology adoption

In this section, we will discuss how a change in rivalry between firms producing the
quality-differentiated product will affect workers' resistance to change. We will model
enhanced competition as an increase in the substitution elasticity between high-tech
goods. The question whether competition will foster the adoption of new technologies
and thereby foster economic growth then boils down to the question whether the
increase in productivity required to make middle-aged consumers equally well-off
becomes smaller when competition increases. Hence, we have to determine whether
ay'/ae is negative. From equation (13) we can straightforwardly show that competition
will foster economic growth. This result is easily understood. Anincreaseinproductivity
increases the total cake that can be divided between workers and the owners of ideas.
In addition, the share of the increase in the cake that is obtained by the workers
positively depends on the elasticity of substitution between high-tech goods (see
Appendix A.3). If the elasticity of substitution is close to one, the owners of ideas receive
almost all of the rents associated with the adoption of the new technology. As a
consequence, resistance to adoption by workers will be large. If, on the other hand, most
of the increase in the cake goes to the workers, resistance will be limited. This is also
illustrated in Figure 2. An increase in competition shifts the gross benefit curve counter
clockwise and hence lowers the critical productivity increase (see the dashed line).

20 Another alternative for endogenizing the costs of learning would be the introduction of technology-
specific knowledge. This technology-specific knowledgemay be general (thatis, as a technology is longer
being used, everybodycan employitmoreproductively),butalsogenerationspecific (thatis, older people
will have more experience and can therefore use a technology more efficiently than younger people). Both
types of specific knowledge are lost upon adoption and result in adoption being less profitable.
Additionally, old people have much more to lose than young people as they stand to lose the experience
they have gained with the old technology, which makes the older people particularly resistant to change.
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Figure 2. Enhanced competition

6. Free entry and the effects of competition on resistance to change

So far, we studied the characteristics of the model under the assumptionthat the number
of high-tech firms is exogenously given. This implies that persistent profits can exist
profits are not competed away by entry of new firms. In a model where knowledge is
tied to firms, this assumption can be defended. However, it is interesting to consider the
characteristicsof themodelonce wedrop this assumption. Such anexercise isinteresting
for various reasons. Firstly, itcanbe seen as a check for robustness of previously derived
results. Secondly, it is interesting as it gives Additional insights on the effects of

competition on technology adoption.
The solution of the model under the assumption of free entry and exit is

straightforward after introducing a fixed production cost 1 (for detailq see Appendix B).

Following the same procedure as in Section 4, we can determine the critical increase in

productivity that is required for middle-aged workers to be indifferent between

adopting the new technology and sticking to the old one. This critical increase is again

2' Fixed costs are introduced in this section only as they do notqualitatively affecttheequilibrium with
blocked entry. Without any fixed cost, the number of high-tech firms would tend to infinity under free
entry.
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given by equation (13), where the allocation of workers to the high-tech sector and the
number of firms are now given by

,1(8-1)Lf
Lxi - (15)

8-11(8-1) '

N.   -2Ll        B<e-1) 1
Lf      -         e       ],                                                                                                                                                   (16)

where   L   is the fixed production  cost. We restrict  p  to be smaller  than  8/ (8-1)   to
guarantee an economically meaningful equilibrium with a positive number of firms and

positive firm size. Equation (15) says that high-tech firms become larger, the larger the
fixed cost and the stronger competition is. l'his is easily understood as large fixed costs
and strong competition requires firms to sell and produce a lot in order to break even.
The number of high-tech producers is determined in equation (16). There are less firms
active when fixed production costs are higher, and when economies of scale become

more important.

By substituting the latter two equations into the solution for y (equation (13)), we
can obtain a closed-form expression for y' (see Appendix B). We are particularly
interested in the effect of competition on this critical productivity shift. To that end, we
need to evaluate

dyl = ayi + ay' dN + ay' dLX, .                                                     (17)de    ae   aN de  aL  de
Xi

The first term on the right hand side is the direct effect from competition ontechnology
adoption, and the two other terms are the indirect effects. We discuss these effects in
turn:

-         the direct effect captures the same mechanism as described in Section 5: increased

competition lowers the price of the high-tech good and thereby increases real
income of workers which makes them more inclined to adopt the new technology.
Since profits earned by the high-tech firms are driven down to zero, competition
does not have an effect on the share of the cake that accrues to workers;

-    the first indirect effect is only relevant in the free entry model as it operates

through changes in the number of high-tech producers. We know that dN/de<0.
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Whencompetition is intensified, mark-ups decline and less firms will survive in the

presence of fixed operation costs. Furthermore, By/aN<0; the reduction  of

product variety makes workers worse-off and hence the increase in productivity
required tokeep them equally well-off increases. This'variety-effect' worksagainst
the direct effect;

-          withrespect to the second indirect effect we know that dLx,/de>0; high-tech firms
become larger when competition is intensified in order to recoup their fixed
production costs. Furthermore, By'/BLx,<0 if there are economies of scale in

production of high-tech goods (61>1). So this 'scale-effect' has a similar sign as the
direct effect. Competition increases firm size and results in better exploitation of
economies of scale of the remaining firms, thereby reducing consumer prices and
increasing their real income.

In contrast to Section 4, the relationship between growth and competition is no longer
unambiguous. As shown in Appendix B, the relationship between y' and E  is only
negative, provided that the parameter measuring the taste for variety is smaller than the
mark-up (that is, a<s/(e-1)). In the special case in which the taste for variety and the
mark-up are exactly equal, the elasticity of substitution does not affect the critical
increase inproductivity (this is the case thatisexplicitly considered by Dixit and Stiglitz,
1977). When the taste for variety is large, productivity should increase relatively strong
inmore competitive environments to make middle-aged workers equally well off.22 The

intuition behind this result is as follows. An increase in competition makes high-tech
firms larger and reduces the equilibrium number of high-tech firms (and thereby the
variety ofhigh-tech goods available to consumers). This mal<esconsumers worse-off. On
theotherhand, anincrease in competition reduces the distortiondue to mark-up pricing
and increases realincome of consumers, which makes them better off. When the taste for

variety is low, the latter effect dominates the former and increased competitionneeds to
be accompanied by a relatively low increase inproductivity for the middle-aged worker
to be equally well off. If, on the other hand, the taste for variety is strong, the former
effect dominates and the increase inproductivity required to makemiddle-aged workers

equally well off upon adoption of the new technology is larger in more competitive
environments.

22 See Chapter 8, De Groot and Nahuis (1998) and Benassy (1998) for a discussion of these issues in
a slightly different context.



148 Chapter 5

7. Conclusions

Productiveefficiencyislargely determinedby theapplied technology. Twoobservations
stand out: first technologies actually implemented differ vastly acrosscountries; second,
within countries many technologies that would obviously improve firms' efficiency are
not adopted. In this chapter, we provide an explanation for these observations. It is well
documented that the adoption of a GFT oftenrequires an investment by the firm. Butthe
introduction of a new technology could also turn existing operation methods obsolete,

and employees may have to learn how to operate the new technology. Since the latter
effect is often ignored, we concentrated in this chapter on the benefits and costs of
technologyadoption forthe worker whohas to getacquainted with thenew technology.
If the costs of adoption for the worker exceed the benefits that can be reaped, workers

will engage in activities aimed at keeping the old technology in place.
This chapter showed by anecdotical historical evidence that resistance to change

might indeed be an important ingredient in the explanation of huge productivity
differences acrosscountries, as well as differences intechnologies employed by

different                         Ifirms. Historical evidence shows that an important cause for blocked technology
adoption is resistance of workers instead of resistance of firms.

We developed a simple overlapping-generations model to formalise these ideas.
The model shows that the prime motive forresistance to technology comes from the fact
that older workers have limited time to get a sufficiently substantial 'return on their
investment'. Hence, ageing might also be a problem from this perspective. Moreover, it
was shown that increased competition tends to increase the likeliness of adoption and
hence accelerates growth, which is a well-documented phenomenon in descriptive
material

Apartfromextensions discussed or mentioned earlier, thereare severalinteresting
ways in which the model could be extended and refined. The first is the introduction of
imperfect substitutioninproductionbetweenlabourfromdifferentagegroups. A second
extension would be to describe thebargain over the surplus associated with the adoption
of the technology between the firm and its workers.

Althoughtheseextensions are interestingin there ownright they will not affectthe
basic mechanisms described in this chapter. What crucially matters for the question
whether a GFT will be adopted is the size of the rent generated with the GFT, the speed
with which this rent can be consumed and the way it is divided over various
stakeholders within the economy.
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Appendices
A. The basic model

A.1 The allocation of labour
In this appendix, we solve for the allocation of labour in the basic model. For this aim, we first
need to establish consumer and producer behaviour. Each consumer maximises his utility in two
steps. In the first step, he maximises his consumption index subject to his budget constraint
(where it leads to no confusion, we suppress indices):

max c = xByi-B s.t. XPx + yP,· s cp - 1, (A.1)

where x refers to the demand of an individual consumer for a bundle of high-tech commodities
(with corresponding price index Px), y refers to the demand for aaditional goods (with
corresponding price Py), and I is income (which equals wage income wl for a worker and profits
for an owner of ideas). Our non-satiation assumption implies that the budget constraint is
always binding. Notice that profit income does not accrue to workers, but flows back to the idea
owners. The corresponding first order conditions are given by  x =N/Px and  y =(1 - )I/P,..Or,
combining these two conditions,

xPX =                                            (A.2)
YPY   1-B

So the income share allocated to high-tech and traditional goods is equal to  B and 1- A
respectively (and is independent of the level of income). The price index P, is then
straightforwardly derived as

   X  f pr 1.p (A.3)
pc  - L B)   (1-B)

In the second step, he maximises x subject to the income share allocated to high-tech products

N

max x   s.t.   I f px, s xPx· (A.4)
i=1

This yields the individual's demand for good i

<      1- *                                J    N        11

f, I x  1    where Px IN'-lw Ft,11-, .                               (A.5)X)

Producers   in the X-sector maximise profits,   IIi   =   X, Px,-Lx,w, subject   to the production
technology and the demand equation for good i. X, is the aggregate demand for good i. From
the first order condition for a maximum, we arrive at the well-known mark-up relation
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E        it'

Px, =         ·                                               (A.6)
e -1  'lf,LK,-1

Firms in the Y-sector operate under perfect competition so

Pi.  =  w
. (A.D

Under the assumption of symmetry of high-tech goods consumption, we can then derive that

Ttlx = Nof and Px = Nl-0 8                                                (A.8)
e -1  PfLx;-1

Due to the utility function being homothetic, it holds that

f,    -   f; Lx,
. (A.9)- -

y Li

We can then rewrite goods-market equilibrium as

N°f Nl-o  E     It
xPx                   '            E -1  KifiL&,-1    _       NELx,       - P (A.10)

YPY YW *(e-1)L,.  1-P

In combination with the requirement for labour-market equilibrium,

L ,. + NLx, = L , (A.11)

we arrive at the solution for the allocation of labour to the high-tech sector,

Bit (e-1) L/NLx, =                                                           (A.12)
(1-BH + B,1(8-1)

which corresponds to equation (D in the text.

A.2 The critical productivity increase
Using that c=x Byl-9 in combination with the above results, we find
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i.                r            -  PCE-1)BjI,f 1't BC = w- - w                = 1 1 (1 -B)1 -B   .
P.       p,1 Bl p, 1 1-0 EN1-0   (A.13)1--B 3 1 1-B)

Note that adoption increasesfwith a factor y so we can derive that cA=YBCNA. The F-function for
the medium aged is then given by

A     NA . - A  . NA    -

51.t,-1  - 6[ctl.,1-1 - ct,.t,-11 -- vs  = 6(Y'-1)£21,4.1 - vs
. (A.14)

The critical productivity increase to keep the middle-aged consumers indifferent between
adopting and not adopting is found by putting F equal to zero and is given by

-1/B

v*Nl-°FY. =1+ (A.15)
6i{B(e-1)FfLx"-lr(1 -B)1-B

This expression corresponds to equation (13) in the text.

A.3 Division of the cake
The next step is to determine the effects of an increase in productivity on the share of the'total
cake' that accrues to workers. This share is equal to the share that workers get in total nominal
income and thus equals

wL                    L

u,L + NII Ce 1'' L. NLJ - -1 (A.16)
C (£-1)11    )

where Lx, is determined from equation (A.12). According to this equation, the labour income
share increases when competition is intensified.

B. Free entry

B.1 The allocation of labour and the equilibrium number of firms
In this appendix, we will solve the model under the regime of free entry and exit of firms. For
this aim, we need to slightly change the producer's problem in that we have to add a fixed cost.
We express the fixed cost in terms of labour. The introduction of this fixed cost is essential to
obtain a finite solution for the number of high-tech firms, but it does not affect the basic
conclusions to be drawn. The i-th producer's maximisation problem thus looks like

max  n   =  XiI'I,  -  (Lx,  + Lf) up , (B.1)
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where LA denotes firm is fixed production costs. Since fixed production costs do not affect the
firm's optimal pricing strategy, the mark-up relation is again given by equation (A.6). Entry of
new high-tech firms continues until profits are driven down to zero (assuming perfect
divisibility of firms). Imposing symmetry and putting  II, =O yields

p(e-1)Lf
LX =                                                       (B.2)

e - 11(£-1)

This is equation (15) in the main text. Using the symmetry assumption, labour market
equilibrium is determined by

L,. + N(Lx +L)   = L.
(B.3)

Combination of these expressions gives the number of high-tech producers,

N   .    11  - FifEIl)], (B.4)
Lf[   e J

which corresponds to equation (16) in the text.

B.2 The critical productivity increase
Similar to Appendix A.2 we can determine the critical productivity increase and the impact of
increased competition. Again:

Fti,t,-1  = 6[c,1-1 - C,3':-11 - vS = 6(yi -1)c,;,1 _1 -VS- . (B.5)

Substituting (A.13), (B.2) and (B.4) in the F-function and rewriting yields:

Ft , -1=A6(YO-1)(e-1), Pe-'1'(e-(g-1)*)(°-1,)P-vs,
(B.6)1' 1

where

A   =  L (°-1)11.113°OBIB'y#(1-B)(1-11)Lt-4 . (B.D

The explicit solution for y follows directly from setting (B.6) equal to zero. By straightforward
application of the implicit function theorem the sign of ay'/& is determined by:

Ce ,
1 -11-al (e-(e-1)51)+(1-11)(O-11)8
C e-1 ) (B.8)

£(E-(8-1)11)
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Since we impose B to be smaller than £/ (e-1), the sign of the derivative of the critical productivity
increase with respect to the elasticity of substitution is determined by the numerator of (B.8). It
is then straightforwardly shown that:

sgn.1  21 1   =  sgn.f a--Ll . (B.9)

C ae J C  e-1J
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The Skill Premium

and Appropriability
Exploring Wage Dynamics (II)

Abstract
In the US the skill premium and the non-production/production wage differential increased strongly
from the late 1970s onwards. Skill-biased technological change, trade with unskilled-abundant countries,
changing educational attainment and changing institutions have been proposed as explanatory factors.
By the method of eliminating the impossible, skill-biased technological change is argued to be the
dominantexplanation in the literature. This chapter shows that the increased supply of skill- which is at
first sight thought to be countervailing rising skill premiums - can actually cause rising skill premiums.
The analysis starts from an R&D-driven (semi-) endogenous growth model. Our key assumption is that
skilled labour is employed in non-production activities that both generate and use knowledge inputs. If
firms can sufficiently appropriate the intertemporal returns from these activities, skill premiums may rise
with thesupply of skilled labour. Wealso pointouta connection betweenchanges in wage inequality and
the fall in patents produced per dollar spent on R&D that is documented for the 70s and 805.

'
This chapter is based on Nahuis and Smulders (2000). I acknowledge Patrick Francois for stimulating

discussions and comments. Comments on an earlier version by Theo van de Klundert are gratefully
acknowledged.
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1. Introduction

Wage inequality decreased in the 70s and hasincreased since the early 80s in the US (see
Table 1). The increase in inequality in the 80s drew a lot of attention. Four explanations
have been proposed: a change in educational attainmentl a change in institutions like
minimum wage laws, a change in the bias in technological change and increased trade
with low-wage countries. Through a process of elimination of explanations that are not
clearly supported by the data, biased technological change isthoughtto be the dominant
explanation for the observed pattern in wage inequality. To explain wage inequality
further, given this state of affairs, there are two ways to proceed. The first is to test
empirically the claim that a bias in technological change is responsible for the increase
in inequality. Krueger (1993) examines whether there exists a technology-related skill
premium. Computer use turns out to be directly related to a skill premium.2 A second
route to strengthen the case for a biased-technological-change explanation, which is the
default'explanation', is to explain how a biased- technology shock arises and how it is
translated into inequality. Mostliterature, takingthesecond route, explains how thebias
relates to inequality (for example, Galor and Moav, 1998, and Greenwood and
Yorukoglu, 199D.

This chapter extends these contributions by taking the next step of explaining
where the bias in technology comes from. We develop a model that predicts that an
increase in the supply of educated workers causes a bias in technological change which
can cause the relative wage of skilled workers to increase.

1 Educational attainment clearly increased (see, Table 1); as such this implies a downward pressure on
the relative wage of skilled workers. An alternative way of interpreting the evidence, however, is that the
quality of high schools decreased (and hence the quality of unskilled workers decreased). This might put
a downward pressure on the relative wage of unskilled workers.

2 This isnotuncontroversial. DiNardoand Pischke (199D argue thatthe relation is spurious. However,
Autor, Katz and Krueger (1998) reconfirm earlier findings of Krueger (1993).
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Table 1

Non-production wage-bill and employment share, relative wage and
R&D intensity and productivity in the US 1973-1989.'

1973 1977 1981 1989

Non-production wage-bill share .337 .351 .397 .414

Non-production employment share .246 .261 .285 .303

Non-production/production wage differential 1.55 1.53 1.53 1.62

Supply of high educationk 10.8 16.6 21.5

R&D intensity manufacturing .063 .062 .077 0.1

Patents per million $ R&D  1.7 1.5 1.1      1

' Source: Machin and Van Reenen (1998).
b Source: OECD Employment Outlook (1993).
' Share of college educated, for 1970, 1980 and 1990.
d Source: Kortum (1993).

Our key assumption is that skilled workers perform tasks that are fundamentally
different from those of unskilled workers. While unskilled workers contribute directly
to (current) production, skilled workers are employed as non-production workers. The
latter contribute to the continuous process of organizational change and improvements
within a firm that affect the future productivity of the firm. In this process they build on
and further expand the knowledge stock that is already accumulated within the firm.
Non-production workers both use and produce new knowledge. In this setup, an
increase in the supply of skilled workers gives rise to two effects. There is a direct
conventional effect that decreases wages of skilled workers in order to induce firms to
absorbtheincreased supply and expand non-productionjobs. However, if firmsemploy
more skilled non-production workers, the demand for knowledge inputs in non-
production rises. To generate these inputs, skilled workers themselves should be

employed, so demand for skilled labour increases. This second effect counteracts the
conventional effect. This isaninduced investmenteffect: theexpansionofnon-production
jobs triggers investment in organisational knowledge capital. If sufficiently large, the
investment effect may offsettheconventionaleffect. Investment incentives are significant
if the cost of capital does not increase too quickly in response to increased investment
and if the returns to investment can be sufficiently appropriated. Indeed we find that
under these circumstances, the firm is willing to attract skilled labour at a higher wage
if educational attainment raises, that is, the demand curve for skilled labour slopes

upward.
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The degree of appropriability as the key determinant of the skill-premium pattern
is endogenous in the extended version of our model. In particular, we distinguish
between two types of knowledge investment: first firms can accumulate knowledge

internally (in-house R&D), and, second, they can buy technology in the patent market.
Internal knowledge accumulation allows firms to internalize part of the intertemporal
knowledge spillovers from research, but this is impossible when taking out patents. We
show that at low levels of the supply of skilled labour, patents are the dominant source
of technology acquisition, appropriability is weak, and skill premiums are mainly
determined by the conventional mechanism. However, with a high supply of skilled
labour, firm-specific knowledge becomes dominant and appropriability improves. The
induced investment effect dominates the conventional effect and an increase in the
supply of skilled labour is matched with an increase in the skill premium. Hence, if
skilled labour becomes gradually more abundant the share of patents in total R&D
declines steadily, while the skill premium first decreases and then increases.

Our modelreplicates the mainstylized facts thatguide the wage-inequality debate.
First the majority of US industries have, despite the increases in the relative cost of
skilled workers, increased the ratio of skilled to unskilled labour (Bound and Johnson,
1992, Berman, Bound and Griliches, 1994, Katz and Murphy, 1992). Table 1 shows that
the wage-bill share of non-production workers increased from the early 70s to the late
80s. The non-production employment share increased in both the 70s and the 80s
whereas the non-production/production wage ratio fell in the 70s and increased in the
80s. As a second stylized fact it is worth stressing that within-industry increases in the
ratio of skilled to unskilled workers overwhelmthe between-industry shifts (Bound and
Johnson, 1992, Berman, Bound and Griliches, 1994, Katz and Murphy, 1992). Although
intersectoral reallocations can be included inour model, we do not want to focus on this
aspect. Third, our model replicates the finding that skill upgrading is positively
correlated with R&D intensity changes (Machin and Van Reenen, 1988). Finally, our
model is consistent with the long-term fallin the number of patents generated per R&D
dollar:

This chapter relates to the literature that analyses the interaction between

technology, wage inequality and the endowment of skills. There are two strands. The
first takes a biased-technology shock as given and explains the effect on wage inequality.
Caselli (1999) for example shows how a technology revolution affects inequality if the

3 Though not apparent from Table 1, in the late 80s the number of patents per R&D dollar increased
again. We do not focus on this aspect here as it is still unclear how important the numerous institutional
changes with respect to the patent system are in explaining this (see Kortum and Lerner, 1998 and Jaffe,
1999).
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workforce is heterogenous in training cost. Greenwood and Yorukoglu (199D analyse

how an acceleration in investment-specific technology affects productivity growth and
wage inequality if skilled workers have a comparative advantage in technology
implementation. These analyses leave unexplained where the technology shock comes

from. Thesecond strand of analysis, including Acemoglu (1998), Kiley (1999), Lloyd-Ellis
(1999) and Galor and Moav (1998) - where our contribution fits in - explains where the
bias comes from. Acemoglu (1998) is closely related to our approach in the sense that
increases in the endowment of skills are causal in the increase in inequality. In
Acemoglu, similar to the analysis in this chapter, the upward slope of the long-run
demand curve for skill is driven by induced investment. The mechanism and

assumptions driving the upward slope are, however, markedly different. First,
Acemoglu, who treats skilled and unskilled workers as symmetric factors of production,
ignores the differentnatureofproduction versus non-production work, a distinction we

acknowledge explicitly. Second, we do not rely on such a strong separation between
different sources of knowledge accumulation, but focus on the interaction and
complementarities between these sources. Third, our model provides a new testable

prediction, born by the data, that the number of patents per R&D dollar decreases by
increases in the supply of skilled labour. Fourth, Acemoglu introduces a sector bias
where we introduce a bias within sectors. Finally, we argue that decreasing returns in
the knowledge accumulation process will ultimately reverse the prediction that a skill-
supply shock will increase wage inequality. Closely related to Acemoglu's analysis is
Kiley (1999) who analyses a deterministic version of this model. The induced-innovation
mechanism is analogous. Lloyd-Ellis (1999) explicitly separates out the development of
new technologies and the absorption of these in production. For bothactivities skills are

important. Depending on the available distribution of skills, technologies carl be
introduced faster than they are absorbed such that wage inequality is driven up. Galor
and Moav (1998), similarly, study the observations discussed earlier but emphasize the
endowment of ability and within (skill) group inequality.

The emphasis inthis chapter onthe investment character of skilled work relates the

chapter to the literature showing that skilled labour has a comparative advantage in
implementing technology and R&D (Bartel and Lichtenberg, 1987). Furthermore, this
chapter uses buildingblocks from the literature onendogenous growthlike, for example,
the intentional accumulation of knowledge by profit-maximising firms. We combine
benchmark R&D growth models, where patents are assumed to take care of rent
appropriation (e.g. Grossman and Helpman,1991, and Romer, 1990), with an approach
based on firm-specific knowledge. Hence, we assume that innovation also takes place
within firms and that firms rely on both in-house R&D and firm-specific knowledge as
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well as patents developed using the pool of public knowledge (cf. Peretto, 1998 and 1999,
Smulders and Van de Klundert 1995 and Thomson and Waldo, 1994). We use the fact
that spillovers are not complete and instantaneous; this fact is well documented (see
Jaffe, Trajtenberg, Henderson, 1993). We extend the theory of growth based on firm-

specific knowledgeby broadening the concept of technological change to organisational
change (management etc).

The plan of this chapter is as follows. Section 2.1 provides an overview of the basic
model which is presented in greater detail in Section 2.2 and Section 2.3. Section 2.4

spells out the different effects that drive the skill premium. In the remainder of Section

2, the general-equilibrium impacts of a supply shock to the skill endowment are

analysed. Section 3 extends the basic model by introducing growth based on patents
along growth based on firm-specific knowledge. There we endogenise the degree of
appropriability, which is crucial for the induced investment mechanism. Section 4
concludes.

2. A general-equilibrium model of non-production jobs

2.1 Overview of the model

There is a continuum of firms, each supplying a unique product variant under
monopolistic competition. For notational convenience we normalize the mass of firms
to unity. Firms hire two types of labour, labelled skilled (H) and unskilled (L). The
supply of both types of labour is exogenously given.4

As explained in the introduction, we interpret skilled workers as non-production
workers, tobecontrasted withproduction workers which are supposed tobeless skilled
(note that the empirical literature that documents the change in the skill premium

applies the production/non-production classification). Indeed, education and training
results in two types of skills. The more elementary skills consist of basic insights and
capabilities to undertake given activities ata certain accuracy. Beyond this type of skills,
there are more sophisticated skills to analyse existing activities and to generate new

knowledge. Those who obtained the first type of educationarecalled unskilled workers.
Those who also obtained the second type are called skilled workers. We may think of

4 An extension of the model by allowing for endogenous skill formation is not pursued here as it does
not add to the point made in this chapter. Heterogenous learning ability would be necessary to avoid a
corner solution with only skilled workers.
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skilled workers as marketing managers, organisation experts, financial planners,
research lab workers etc.

Firms maximize profits and consumers maximize utility. Consumers have Dixit-

Stiglitz preferences over a variety of goods. We consider a closed economy without

uncertainty with perfect foresight in which all markets clear.

12 Preferences and households' behaviour

The consumer side of the model follows the by now standard approach of growth
theory. The representative consumer cares about an index (C) of differentiated
consumption goods (xi) A la Dixit and Stiglitz (1977):

1  21_   E-1
.  /-1    .                                                                                (1)C=Jx,  di · ,
0

where e is the constant elasticity of substitution. Consumers maximize intertemporal
welfare that features aconstant discount rate (0) and constant elasticity of intertemporal
substitution (1/p):

Cl_p-1
U  - f =e 4'

1

dt .                                                                   (2)
t  J i           (1-p)

Maximization of (1)-(2) subject to the appropriate budget constraints implies that the

price elasticity of demand for any good x, equals e, and that the change of consumption
over time is governed by the Keynes-Ramsey rule:

r -fc =0+p d,                                                                   (3)

where r is the nominal interest rate.

2.3 Technology and firm behaviour

Each firm produces according to the following production function:

Xi  =  fl' L   a  Flfi,Li)  .(4)
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Final output is denoted x. L are unskilled workerss whose effectiveness or productivity
depends on knowledge or (organisational) quality 0 created by skilled workers. Skilled
workers (H) gradually improve the organisation, production technology or, for example,
the perceived quality (by means of marketing). The one-dimensional variablefcaptures
all these different aspects. The stylized representation of the accumulation process for
ideas is as follows:

f, = 4,1-"PH; " G(f„f,H ,    a, 9 E [0,1), A e (0,11.                            (5)

The (non-production) workof skilled workersimproves the productionenvironment for
theunskilled workers: Theuseableknowledge stockconsists of two types ofknowledge
inputs. First, skilled workers analyse, exploit and expand the stock of accumulated firm-
specific experience and organisational knowledge capital (0.7 Second, skilled workers
benefitfromknowledge developed inother firms, as captured by the averageknowledge
level, f ,inother firms. This second knowledge inputisbeyondcontrol of theindividual
firm and gives rise to an intertemporal knowledge-spillover externality that is familiar
from R&D-based endogenous growth models. However, firms internalize the
intertemporal spillover effect from own knowledge generation to their own non-
production activities: they takeinto accountthataccumulationof specific knowledge not
only affects production but also provides inputs for future research. Firms do not
interr,Alige the intertemporal spillovers to other firms because they cannot appropriate
the associated returns. We assume that there are non-increasing returns to scale with

respect to both types of knowledge taken together. That is, we either assume constant
returns to scale (q, = a), whichimplies endogenous growth (Romer,1990), ordiminishing
returns to scale (9 < a), which implies semi-endogenous growth Oones, 1995b).

Keely and Quah (1998) argue that a review of the empirical literature on R&D,
technology and growth learns that: (1) inputs in the knowledge production function are
strongly related to knowledge output and (2) output of knowledge production is
inaccurately proxied by patents, as"Most knowledge accumulation does notoccur from

' Note that we allow for decreasing returns to unskilled labour 0<6<1. The underlying assumption is
that the firm also employs a fixed factor whose size is normalized to one.

6 There are decreasing returns with respectto skilled labour inputs. Thiscapturesthe"stepping on toes
effect", indicating congestion and duplication in research (see Jones, 1995b, for an extensive discussion).

7 For an extensive discussion on the firm-specific nature of knowledge, see Smulders and Van de
I<lundert(1995) and Peretto (1999). For anexplicit treatmentofthe tacitness of knowledge, see Dosi (1988).
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private firms' R&D producingpatentableknowledge."8 Thislatter observation motivates

ouremphasis onknowledge as a firm-specific asset.9 A final observation is that spillovers
do occur, but do not happen automatically or completely. Hence, we do not assume

perfect nor automatic knowledge spillovers, as is clear from the distinction between f
andf in our specification.

Novel is the interpretation here that the regularities related to spillovers and

knowledge accumulation - familiar to the R&D-based endogenous growth literature -
are extended to allnon-productionactivities. To see the analogybetween R&D and other
non-production work think of a new way of organising a firm. The implementation and
development of new organisational schemes often takes years and builds on past
experience. From the organisational scheme that a specific firm works out some more

general principles can be useful for other firms too. If this information is written down
or disseminates in some way, other firms might benefit too  ( f). However, a next
reorganising firm might use this information but still needs to go through the process of
convincing, motivatingandadapting tospecific'own' circumstancesto (thatisincreasing
the firms specific knowledge stock, f). Though we argue the model to be applicable to
the broad category of all non-production workers, the remainder of the analysis is

expressed in R&D terms only.

Demand for unskilled and skilled workers is determined by the firms' production and
non-production decisions, given that firms are restricted by a downward-sloping
demand curve for final output.

Skilled workers' output is not sold in the market directly.11 By hiring skilled
workers, the firm can invest in firm-specific knowledge. The wage the firm is willing to
pay for skilled labour depends thus on the return to investment in firm-specific
knowledge. The firm invests up to the point that the marginal return to investment in

8 See page 3 of their paper, second italics added.

' We will explore the interaction between firm-specific and patentable knowledge in Section 3.

10 Jovanovic (1991 argues that adjustment and implementation costs of ideas dominate the non-
rivalness of knowledge.

11 Think of outputofthe marketingmanager, the human-resource manager, the product designersand
the organisational experts.



164 Chapter 6

firm-specific knowledge equals the cost of capital. This no-arbitrage condition can be
written as: 12

1 \  axp<1--1 - + qff.4E) af   af                                     (6)
=T,

q

where e is the elasticity of demand, r is the cost of capital and q is the shadow value of
firm-specific knowledge, or in other words the firms internal accounting price for non-
production workers' output. The left-hand side of the equation represents the marginal
return from non-production workers' activities. The first term represents the value of
their contribution to improving production efficiency (the accumulation of productive
knowledge), the second term represents the value of their contribution to providing
knowledge inputs for the process of investment in firm-specific knowledge (the
expansion of useable knowledge), and the final term captures a capital gain (capturing
the fact that if the price to knowledge accumulation increases over time, investing today
in knowledge becomes more attractive).

The firm hires skilled labour up to the point where the marginal cost of hiring (the
wage for skilled labour, wH) equals its marginal product which is the marginal amount
of knowledge it generates 8// aHf valued at the price of knowledge q:

w.   nal
H    , 8Hf

Similarly, the firm hires unskilled labour up to the point where the marginal cost of
hiring (the wage for unskilled labour, wL) equals its marginal revenue product. Taking
into account that the firm's demand curve for final goods slopes downward we find:

C   1) ax

m,     =   p t l  - .2'1   iii                                                                                                                                                                                                                             (8)

12Thefollowingthreeequationscanbestraightforwardlyderived fromthefirmsdynamicoptimization
problem. Firms maximize profits, discounted by interest rate r, subject to (4),(5) and the downward-
sloping demand curve for its output. Suppressing the firm index i, we may write the Hamiltonian as
p(FU,L))·FU;L)-wLL-wHHf'qGUif,Hf)' where F() is the production function in (4) and G() is the
accumulation function in (5).



The Skill Premium and Appropriability, Exploring Wage Dynamics (II) 165

14 Short-run partial equilibrium
We now reduce the conditions governing firm behaviour into one equation. We assume
that firms are symmetric. Because the mass of firms is one, in equilibrium the
representative firm absorbs alllabour (L,=L and HB=H =H). The symmetry assumption
also implies that f andf grow at a common rate, denoted by g, which can be written
(from (5)) as:

g   =   4 -(a -9) H;   .                                                                                                                                                                                                (9)

Assuming that both H and L grow at a common rate 1 and evaluating the partial
derivatives, we find:

WL   L   BM .0I.-a + (B_%)g + (WH-WL) + (6-A)1 = r-11,
WH   Hl -A 6 (10)

where hats denote growth rates. This equation equates the real cost of capital to the real
return to investment. We can use it to study the partial-equilibrium short-run effects of
an increase in the supply of high-skilled labour Hby keeping the knowledge levelfand
the real costof capital r -P constant. Whenever the return to investment increases (the Ihs
of (10) goes up), there will be an induced demand for skilled labour and hence an

upward pressure on their relative wage.
The first term on the 1hs represents the direct effect of investment for production.

If more skilled labour is employed, the first term becomes smaller.13 The reason is that
the costs ofproductivity improvements, relative to production costs, rise withHbecause
of diminishing returns B<1). Hence, a higher supply of skilled labour reduces their
relative wage if firms only cared about their ability to improve productivity in
production (that is, if only the first term on the Ihs mattered). This is the conventional

e#ect of an increase in skills.

The other terms on the 1hs reflect the effects of knowledge growth on the future
relative costs of (orreturn to) organizational change. Let us firstconsiderthe term (13-(p)g.
On the one hand, the larger the impact of organizational change, as captured by g, on
productivity of unskilled labour - as captured by B - the more attractive it is to invest.

Large increases in productivity induce firms to invest now rather than later. To be able

13 If more unskilled labour is employed (L higher), the return to investment is higher since more
productionworkersbenefitfromthesameincreasein productivity dueto the non-rivalnessof knowledge.
Hence, an increase in unskilled labour raises the demand for skilled labour to undertake the investments
which leads to an increase in the skill premium.
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to undertake these investments, firms increase their demand for skilled labour. On the

other hand, if knowledge spillovers from other firms are large, knowledge growth
results in large reductions in the cost of organisational change over time, which reduces
the incentive to invest now and makes firms willing to postpone investment, thus
reduces the demand for skilled labour. If the scope for productivity improvements (p)
is large and spillovers (*) are small, firms are willing to invest more in response to a

higher growthrate. Ceteris paribus, this increases demand for skilled labour. Employing
more skilled labour increases the rate of productivity growth. Hence, if spillovers are
small, this may increase the demand for skills. Thus the demand curve for skilled labour
tends to slope upward because of this channel.

The third term on the 1hs, the rate of increase in the skill premium, reflects the fact
that if skilled labour becomes more expensive to hire over time, investment becomes

more expensive over time, and it is attractive to undertake investment now rather than
in future. This increases the demand for skills, ceteris paribus.

The fourth term on the 1hs is a net scale effect. As long as population growth is
constant, this term is constant. An increase in I increases the return to investment today
if decreasing returns in research set-in less strongly than those in production.

15 General equilibrium
We now close the model by taking into account goods-market equilibrium and capital-
market equilibrium. The former implies   c=x   and  Pc-P · The capital market  is  in

equilibrium if the rate of return satisfies the Keynes-Ramsey rule (3), which can now be
written as r-39=0+pf. Combining (3), (9) and (10), and using (4) to solve for f, we find:

1 p -(1 -(p/B)
-

, Bg  +  01=  WH/ WL'                                                     (11)L A 1 1        A
Hf 6 wH/WL)

where 4-0+IX+6(p-1)]l. This equationin twounknowns, the skill premium wH/ WLand
the growthrateg, subsumes equilibrium in the markets for output unskilled labour and

capital and will be shortly referred to as the no-arbitrage condition. By confronting it to
the condition for equilibrium in the skilled labour market eq. (9), we can determine the

dynamics in general equilibrium.

2.6 The upward-sloping demand curve and endogenous growth
We firstillustrate the main result of an upward-sloping demand curve for skilled labour

in a special case of the model. We assume that there are constant returns with respect to



The Skill Premium and Appropriability, Exploring Wage Dynamics (II) 167

.w./wi-     G t s WHI•NL                      
G     G. /S  

4           \)

«/ ..) -j9
G           G'

,

g                                         g

Figure 1. Endogenous growth

knowledge accumulation in the non-production activities, that is cp-a. As a result, the
rate of growth in the economy depends on the supply of skilled labour only; see (9). To
avoid accelerating growth rates, we assume that there is no population growth (l=0); the
usual assumption in endogenous growth literature.

The model is now fully represented by equation (9) and (11). Figure 1 depicts
equation (9) as the vertical line labelled GG. The SS-curve in the figure is the locus for
which the skill premium wH / wL is constant as can be derived from equation (11). Full

employment of skilled labour requires that the economy is always on the GG line. The
skill premiumjumps immediately to its long-run value, givenby the point of intersection
between the GG line and the SS curve. That is, the economy immediately jumps to the
steady state.

We are now ready to analyse the general equilibrium consequences of an increase of the

supply of skilled labour for wage inequality. If H increases, the SS-locus shifts down and
the GG-line shifts to the right. Hence the change in the skill premium cannot be

unambiguously determined from the figure. Fortunately, we can easily find a closed
form solution for the skill premium. Substituting (9) into (11), and taking into account

that 9=a and that the skill premium is constant we find:14

(X/6)L
WH/WL =

(12)(0/ POH; -A   +   I p- (1 -9/ B) ]H f

Differentiation withrespect to Hfreveals that the condition for a rise in the skill premium
is:

14 Remark that the results are expressed in terms of the skill premium, wH / wL' in this chapter. instead
of o) (- wL / wH)  as in Chapters 3 and 4.
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1-a >p+ (1- 3)  + (1-A)-1 .                                            (13)
Bg

This last condition neatly reveals four determinants that may cause the demand curve
for skills to slope upward.

First appropriability of the (intertemporal) returns tonon-productionactivities (as

measured by 1-a) should be high. The mirror image of this is that spillovers to other
firms (as measured by (p) should be low. This underlines our key assumption that skilled
workers create the knowledge that is subsequently used as an essential input in non-
production activities. If new knowledge only affects the firm's production activities and
all knowledgeinputsinnon-productionactivitiescome fromoutside (i.e. a=1), condition
(13) could never be satisfied and the demand curve for skills slopes conventionally
downward. Note that most of the endogenous growth literature considers this case by
assuming that all intertemporal spillovers from research are external effects for the
individual firm.

Second, the cost of capital should not rise too fast with increased investment. Note

from (3) that p governs the sensitivity of interest rates with respect to investment. This

emphasises the importance of the assumption that non-production labour is engaged in
the investment process, rather than the production process.15 If firms hire more skilled
labour, investment and growth rises in the economy, forcing households to save more.
This induces them to require a higher rate of return on their savings, especially when
they prefer a smooth consumption pattern (p large). When firms face a higher cost of

capital, investments in firm-specific knowledge by hiring more skilled labour, becomes

less attractive. The rise inthe cost of capital thus mitigates the demand for skilled labour.
For the demand curve for skills to slope upward, the cost of capital should not increase
too much, which happens if the intertemporal substitution elasticity is high (1/p high).

Third, diminishing returns withrespect to knowledge in production (as measured

by 1-  ) reduce the skill premium. Diminishing returns reduce the value of additions to
the knowledge stock, which are generated by hiring more skilled labour.16

15 1he results, however, are not affected by allowing skilled labour in final output production too. As
long as substitution between skilled and unskilled labour is imperfect the results stand upright. See
Appendix A.

16 This effectvanishes if there are no spillovers (i.e. if cp=O). In this case, all knowledge is created inside
the firm with constant returns with respect to knowledge (see (5) and note that a=q)=0). On the firm level
a constant rate of growth of knowledge can be attained equal to </4 which translates into a constant rate
of total factor productivity growth equal to iltte. Hence, diminishing returns are no longer important.
In contrast, if the firm relies on outside knowledge (cp>0), it takes into account that an increase in firm-
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Fourth, diminishing returns with respect to skilled labour in non-production
activities (as measured by 1- A) reduce theskill premium. Diminishing returns reduce the

marginal value of skilled labour for the firm and thus depress their wage.

To summarize, an upward-sloping demand curve for skills requires that the
intertemporal returns from an expansion of non-production activities accrue mainly to
the firm's skilled workers rather than to shareholders (in the form of higher rates of

return) or other firms (because of spillovers). Moreover, the returns should not fall too

quickly because of diminishingreturns in production or non-production activities. Only
under these circumstances, the firm passes through the intertemporal returns to non-

production workers in the form of higher wages for skilled labour.

17 The upward-sloping demand curve and non-scale growth
We now turn to the more general version of the model and assume that there are

diminishing, rather than constant, returns with respect to knowledge innon-production
activities, and we take into account population growth ((p<a, 1>0). The main difference
with the case in the previous section is that now long-run growth becomes independent
of the size of the skilled labour force. Hence, there is no scale-effect on the growth rate
froman increase inthe supply of skills. We show that the upward-sloping demand curve
arises under fairly similar conditions, but vanishes in the long run.

The growth rate depends on the supply of skilled labour and on the stock of firm-

specific knowledge accumulated in the past see equation (9). Accordingly, the growth
rate is a predetermined variable that changes over time. Differentiating (9) with respect
to time yields the equation of motion for the growth rate:

9 - Al - (a-(P)g . (14)

Hence the GG locus for a constant growth rate reads

g = Al / (a-cp) . (15)

specific investment reduces its rate of knowledge growth for a given rate of growth in the outside
knowledge stock, f.This hurts the firm more, the more important the diminishing returns in the use of
knowledge in production are (as measured by 1- 11).
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The Slocus is the same as in the case of endogenous growth17 and follows directly from
(11). Figure 2 depicts the phase diagram that results from equations (11) and (14).
Transitional dynamics occur along the upward-sloping saddle path.

6                                                                A                              G           G
WH *L                                           G                   S

 H/WL                            SJ                                                                             s·

L
B                                                                  W

*

.355/ 7
s r           -i«:S::S

G                                            G        G'
,

g                                         g

Figure 2. Non-scale growth

To analyse the consequences of an increase in the supply of skilled labour, we now need
to distinguish between long-run and short-run effects. For simplicity, we consider a
permanent increase in H at t=0, but allow H to grow at rate I at all other dates.

Thelong-rungrowthrate isnotaffected by the supply shock (the GG-locus remains

unchanged), while the SS-curve shifts downward. Hence in the long run, the skill
premium unambiguously declines in response to an increased supply of skilled labour.

An increase in skilled labour increases the demand for knowledge inputs in non-
production activities on impact. Indeed, the expansion of non-production activities
results in an increase in the stock of firm-specific knowledge in the long run (or to be
more precise, an increase in knowledge per skilled worker). But because of diminishing
returns in non-production activities with respect to knowledge, this causes the returns
to additional knowledge inputs to fall, thus offsetting the increase in the demand for the
skilled labour that produces these knowledge inputs. In the long run, increases in firm-
specific knowledge cannot make non-production workers more productive because of

diminishing returns. Hence, in the long run, there is no increase in demand for skilled
labour for this purpose. In the long run knowledge only makes production more
productive, and putting in more effort in this sphere requires a fall in the skill premium
(the conventional effect).

In the short run, however, the growth rate increases by the expansion of non-

production jobs. The combination of the shift of the SS locus and the short-run increase

" Except for the fact that 4 takes a different value because of population growth.
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of the growth rate produces a (short-run) result that is very similar to that in the
endogenous growth case. Indeed, the skill premium may increase in the short run.18 The

difference with the endogenous growth case is that now the (short-run) equilibrium is
not determined by the intersection of the SS locus butby the saddle path, which is below
the SS locus, thus making an increase in the skill premium less likely. The reason is that
firms anticipate a decline in the skill premium (since in the long run the skill premium
decreases), that is, they anticipate a decline in the cost of non-production activities. This

gives firms an incentive to postpone non-production activities and to reduce the demand
for skilled labour. This partly reverses a possible increase in the skill premium.

To derive an exact condition for the upward-sloping demand curve to arise, we
linearize equations (11) and (14) around the steady state and calculate the short-run

response of the skill premium to a change in the supply of skilled labour. The linearized

system reads:

1.H;...1 =   0  -All 1.9   .
a+U, -01  H/QL a+4 (16)

 f'
0

where tildes refer to percentage deviations from the initial steady state (log-linearized
variables) and a=Bg[p-(1-9/B)]. From (9) we find the initial change (a time t=0) in the
growth rate (which is predetermined):

9(0) = AHf' (1D

where H  is the permanent shock to the skill endowment. The stable root of this system
is Al. Hence, we can calculate the jump in the skill premium as:

WH/IDL (O)   =   -< XI +a +(1-X)Oil A,                                                                                                    (18)C  XI.a.01 J
The skill premium increases in the short run if the expression in parenthesis is negative.
Taking into account the definition of a given above, we find the following condition:

18 In the short run - before the per<apita stock of knowledge has fully adjusted - non-production
workers become more productive if more knowledge inputs are available. This gives firms the incentive
to hire more labour to produce this knowledge.
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1-a >p+ (1-B)12 + (1-4-7 . (19)
B        Bg

Note that this is exactly the same condition as for the endogenous growth case, see (13),
although now *<a and 1-a and * no longer sum up to unity (and 0 takes a different
value because of population growth). Hence, the very same mechanisms as already
explained in the previous case apply.

3. Appropriability

The model discussed in the previous section can explain the upsurge in inequality in the
80s provided that the intertemporal returns can be appropriated sufficiently. To be able
to explain both the decrease and the increase ininequality in the 70s and 80s respectively,
the degree of appropriability should have altered over time. Two questions arise
immediately. First is there any evidence that the degree of appropriability changed? If

so, then how and why did the degree of appropriablity change? This section addresses
these questions. We do so in reverse order, as we first need to pin down more precisely

what appropriability is before the evidence can be judged.

3.1 A model with endogenous appropriable knowledge
In the model above we have distinguished between three types of knowledge which are
jointly produced in a single type of research activity. The three types are (i) knowledge
applied in the production activities of the firm that developed the knowledge
(productive knowledge), (ii) knowledge that is used in the research activities of the firm
that developed the knowledge (useable knowledge), and (iii) knowledge that can be
freely used inthe research activitiesof firms that did not develop it. The fewer spillovers
of the latter type are, the better firms can appropriate the rents that their research gives
rise to. The degree of appropriability is likely to depend on the mode of organization of
research.19 Firm-specific research is aimed at specific knowledge tailored to the firms'
circumstances and thus less useful for other firms. Moreover, in-house organisation of
R&D facilitates secrecy of research results.

1 The degree of appropriability is defined as the fraction of rents associated with a certain new idea
that accrues to the firm that developed the idea.
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In this section we not only consider firm-specific research activities, but extend the

analysis for research activities that are undertaken by research units independent of
production firms and that yield knowledge that is less specific to firms. The knowledge
output is sold in a patent market. Appropriability in this research activity is smaller than
for firm-specific research. In particular, we assume that a new patent improves
production of firms, for which the inventor is fully rewarded, but it also improves
productivity of research for which the inventor is not rewarded. Trade in ideas among
firms requires a patent register in which technical details and general principles are
documented and by which they become freely available to other researchers. As in
almost all R&D-based growth models (Romer, 1990, Grossman and Helpman, 1991 as
well as almost all models in Aghion and Howitt, 1998), in our patent sector, researchers
build onthe total stock of public knowledge, butcannot internalize the contribution they
make to this stock.

Arbitrage in the capital market ensures that both research types yield the same
return. However, shocks to the economy - in particular a change in the supply of skilled
labour - endogenously changes the relative importance of both research sectors and
therefore shift the economy-wide degree of appropriability.

A formalisation

Two types of knowledge positively affect the productivity of unskilled labour in final-

goods production:

'B 1-B.
(20)x,=L ni   Li,

where n is the number of patents a firm has purchased.20 Patents are produced in an
R&D sector where firms npy enter freely. A firm that devotes H„ units of skilled labour
to research produces xii"fw patents. The productivity of research firms is increasing in

bothtypesofknowledgedistinguished. The productionfunctionapatentfirmfaces thus
1-S:

d =XE'f'H . (21)
'1

m We now set 6 equal to unity to avoid cluttering the analysis with symbols. 6 is easily introduced
without affecting the main results.
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The public knowledge stock (flpfp) consists of registered patents n and spillover from

firm-specific knowledge. Free entry of patent firms implies that:

WH

P"        Xii Br    ·                                                                                                                                              
                                                                                                   (22)

Thus, the price of a patent, p„, equals the production cost. The other ingredients of the
model are essentially as in the previous section except that weallow for spillovers of the
patent firms to the production of firm-specific knowledge.21 Hence:

f=ifi-£119nv Hf . (23)

The demand for patents follows from the no-arbitrage condition analogous to equation
(6):22

C   1) ax  .0  1--1-+V
.< e) an'"-r. (24)

Pn

Furthermore, firms decide onproductionand labour for research. Production or demand
for unskilled labour is governed by (8) and the hiring of skilled labour by (D and (6).
Comparing equation (24) with (6) reveals the crucial difference between the two types
of research: the private return to firm-specific research includes a term valuing the
contribution of current research to future research productivity  (qa// af), while  the
private return to developing patents does not include such an intertemporal return.
Equilibrium on the market for skilled labour now reads:H=H +H  .'t

The remainder of this section discusses symmetric steady-state equilibria with
endogenous growth. The endogenous-growth requirement implies the following
parameterrestrictions:  9=a-v and W=1 -11. Before proceeding, some additional notation
is introduced. Denote  A -f/ n. Thus, the ratio of the stock of firm-specific knowledge to
the number of patents is defined as A. This ratio is an indication of the degree of

21

We suppress the firm index. Recall that there is a mass of monopolistically competitive firms of size
one.

22 Appendix B provides a step-by-step derivation of the model in this section.
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appropriability intheeconomy'sresearchapitalstockWecanrewrite(23)and(21)asf= A -,Hf
and  A =xA WH   to get the following expression for balanced growth:"

XA WHg =                                                          (25)
1+0(/0 AV.4,

Equation (25) is depicted in the upper panel of Figure 3 as the balanced growth (BG)-
curve. The BG-curve is hump-shaped, reaching its maximum at A v.4=41/ v. Ata low
degree of appropriability (A), the economy has a relative abundance of patents which

impliesalow productivity of the patent sector. Balanced growth, however, requiresboth
the stock of patents and the stock of firm-specific capital to grow at equal rates. This

implies that skilled labour must be largely employed in the low-productive patent sector.
Hence growth is low. Increases inA make the patent sector more productive and hence
less resource consuming for balanced growth. This allows for a higher growth rate.
Increasing A further reduces the research productivity within firms, making the
accumulation of firm-specific capital the bottleneck (and lowering the feasible balanced

growth rate again). The cost of capital should equal the return to patent development:

r-p   =  (1 -p)       L      XA W . (26)
ID H / W L

The return to a patent is increasing in the patent elasticity in production, production size
(L) and in the reciprocal of the cost-benefit term (the cost of producing a patent and the
benefit of saving on unskilled workers' wages). The cost of capital should equal the
return to firm-specific knowledge investment:

r-p . p    L    W -V+(1-a)g . (2D
WH/WL

The structure is analogous to (26) again, but for the term that indicates the dynamic

externality that is appropriated (the strength of this mechanism is governed by 1-a).
Using these two expressions with the Ramsey rule, (3), and f =g from (20), the no-

arbitrage condition reads:

(1 - B)XA V.4'    -    P< 0
(28)

g-
(1-a-p)(1-13))(Av.4, + pig
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The upper-panel of Figure 3 depicts equation (28) as the ARB<urve (for the case where
1-a>p).23 The upward slope, implying thata higher growth rate is to be met with greater
scarceness of patents to prevent arbitrage opportunities, is explained by the fact that the
return to investment infis increasing in g (see equation (2D). To equalise returns, A has
to increase, as is obvious from equation (26).

The lower panel depicts the skill premium as a function of A; the degree of
24appropriability in the economy's research-capital stock:

-H  =  [(1 -a-p)(1-B))(Av.4'  +  Ppil         L        I                                                                   (29)
WL                                                                      (1 -a)DA V

The skill premium depends negatively on A at low levels of A and positively at high
levels of A. Equation (29) is depicted as the SS-curve in the lower panel of Figure 3 and
has an U-shape (again for the case where 1-a>p).

Ca)   A
g   /-\\

1   \\
ARB

f                          \         --BG
i \\

-    BG

BG

Av+*

(b)  *

 97VL

Av+111

Figure 3. General equilibrium with endogenous appropriability

23 Appendix B discusses the case where 1-a<p.

24 Use the two expressions for the returns to investment, (26) and (2D with the Ramsey rule (3).
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Increasing the supply of skilled labour

An increase in the supply of skilled labour shifts the BG-curve upward to BG'. The
intersection of the BG'- and ARB-curve determines the equilibrium that is characterised

by an increased degree of appropriability of theresearch<apital stock. This is consistent
with the decline in the number of patents per R&D dollar in the data. In the lower panel
we can read that the skill premium decreased (a pattern consistent with facts in the 7Os).
Shifting the BG'-curve upward, by increasing the supply of skill again, learns that the

degree of appropriability increases further, but now the skill premium increases (a
pattern consistent with facts in the 8Os).

Why does the skill premium fall when skilled labour is scarce but rise in a skilled-
labour-abundant economy? More skilled labour implies higher growth and larger
benefits tointernalizingintertemporal spillovers from R&D. The faster growth, the more
skilled labour is employed in firm-specific research departments, since firms can
appropriate the intertemporal benefits of high growth rates. Higher growth rates
increase the demand for skilled labour, thus counteracting the conventional downward
pressure on wage premiums. Indeed, equations (26) and (27) point out that higher
growth benefits firm-specific R&D; see equation (27). Arbitrage shifts the economy
towards relatively more firm-specific knowledge: equality of the returns in (26) and (2D
thenrequires arise inA. This shift reduces the returns from increasing the firm's labour
productivity (see the first term on rhs of (27)), and the return to firm-specific R&D relies

relatively more on the appropriated intertemporal spillovers (see the second term on the

rhs of (2 D). On the economy-wide level, appropriability of dynamic gainsbecomes more

important when growth increases. Hence, while for low supply of skilled labour and

correspondingly low growth rates the conventional effect dominates, for high supply
and high growth, the appropriability effect dominates, which increases skill premiums.

3.2 The patent-productivity puzzle

Empirical research documents a fallinproductivity of R&D in terms of patentoutput per
real dollar of R&D. The fallis found forboth the 70s and the 8Os, that is, a monotonic fall
that contrasts with the U-shaped pattern for the skill premium in the same period.25

2S The Upsurge in patenting (even per R&D dollar) in the late 805 is, according to Kortum and Lerner
(1998), associated with an increase in research productivity that could be mimicked in the model by
increasing the exogenous research productivity in the patent sector. This point is further ignored as it is
empirically still unclear how important the institutional changes from 1984 onward have been in affecting
the patent practice (see Jaffe, 1999).
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Ourextended model notonly generates theobserved pattern fortheskill premium,
but also predicts that it is accompanied by a fall in patent productivity. A gradual rise
in the supply of high-skilled labour shifts research activity towards more firm-specific
research. Typically, firm-specific research generates less visible research output: the
possibility of secrecy and the tacitness of the knowledge generated in this way makes
that the propensity to patent is typically lower. Hence, innovation is underestimated in
the innovation statistics. For direct evidence that firms indeed rely more on secrecy
relative to patents, see Cohen, Nelson and Walsh (2000). As a result research output
statistics tend to report a fall in output when research shifts to firm-specific research,
because these statistics concentrate on patents. On the research input side, however, it is
difficult to separate out the inputs in firm-specific research from those aimed at
developing patents. Thus, typically, measured patent output falls, but measured input
is not corrected for the reduction in inputs directed at patent development.

In the model, the following ratio comes closest to the statistic that is used in the

empirical literature on research productivity:

,i

(30)
HwH/P,1

that is, new patents divided by the total real cost of R&D, ignoring the distinction
between inputs into firm-specific research and those into other research. If inputs were
measured correctly, the productivity statistic would be  Ap„ / H„wH' which would be
constant and equal to unity due to our assumption of zero profits in the research sector;

see (21) and (22). However, the ratio above has total inputs H instead of H„ in the
denominator, and because of zero profits theratio boils down to H,  / H which is directly
related to the appropriability measure, A. Appropriability, A, is in the steady state
(combine (25) and */n =g =XA 4, from (21)):

d                              'ip„          H„            H„                             ·1
01)HwjP,1 -1 *IKI «H=H

-

1+0(/QA *w

Hence, whenHincreases, A increases monotonically, and measured patent productivity
falls monotonically. Thus from the 70s to the late 80s we register a fall in patent

productivity.
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4. Conclusion

Wage inequality increased in the 80s in the majority of OECD countries. In the
evaluation of the potential explanations for this phenomenon, trade, institutions,
technology and relative factor supplies (education), the technology explanation was left
by default.

We argue that for this explanation to be convincing, it should be shown what type
of technology shock is responsible for the increase in inequality and where the shock
comes from. Our explanation, based on explicit recognition of the difference between

production and non-production jobs, is consistent with the following empirical
observations. From the early 705 to the late 80s the relative supply of skilled versus
unskilled workers increased, the wage-bill share of non-production workers increased,
the ratio of non-production / production workers increased and the productivity of
research has fallen. We show that these observations are consistent with a fall in the

relative wage ofnon-production workersin the 70s and anincreased relative wage in the
80s.

We showed that an increased endowment of skilled labour might induce an
increase in the relative wage for skilled labour. The argument that this chapter

developed starts with the explicit recognition that skilled labour or non-production
workers perform tasks that are similar to investment activities. That is skilled workers

produce firm-specific capital. Once it is recognised that skilled workers use knowledge
while producing knowledge, an upward-sloping demand curve for skill follows,
provided that (i) the degree of appropriability of investment in organisational capital is
sufficiently large, (ii) the investment cost do no rise too fast and (iii) diminishing returns
related to knowledge accumulation do not set in too strongly.
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Appendices

A. Skilled labour in production

In the rnain text we assumed that all skilled labour is allocated to non-production work with an
investment character. Though most non-production work is well captured by this perspective,
some skilled workers' jobs are more closely related to production. One might, for example, think
of supervision labour and the skilled workers that implement and monitor newly developed
quality strategies. In this appendix we explore the robustness of the upward-sloping demand
curve for the assumption thatsome skilled work is closely related to production and hence does
not have an investment character. We do so by extending the model of Section 2 by allowing for
skilled labour in production.

A.1 Production related skilled work
The production function for final output is now denoted as: F(A,L).The effective organisational
quality, f,i, depends now on the mass of skilled workers in activities related directly to
production. Hence:

fx,=Glu,Hx). (A.1)

where H, is skilled labour allocated to production-related activities. 26 Analogously equation (5)
is now formulated as:

fi=G,lf,J,Hf)-4 -aPH;,. (A.2)

Hf is skilled labour in investment-related activities. We assume that substituting (A.1) in (4)
results in the following CES production function:27

K              aHL U           6                'HL.-1-·0  1(OL.OH)
x=Ap_1-1.  oK  +_-H    H  cHL m (A.3)

6L+6H 6L+6H X            '

where firm subscripts are suppressed. Next the model economy is analysed in the special case
that generates endogenous growth, *=a.

26 In the main textf and fi, were assumed identical.

27 With GHLequal to unity we arrive at the Cobb-Douglas production function: rAPL #Hx H.
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A.2 The demand for skill and capital market equilibrium
The allocation of skilled labour in production adds another first-order condition for the solution
of the firm's optimisation problem. Firms allocate skilled workers to production-related activities
up to the point where the marginal cost of hiring (the wage of skilled workers) equals the
marginal revenue. This condition, divided by equation (8), looks like:

1-1.OLWH ]...   . (A.4)
Hx   < OH WL il

This condition shows more explicitly the com,entionale#ectof changes in factor endowments. An
increase in the endowment of skilled labour is met by a decrease in the skill premium. Ample
substitution possibilities (0HL large) ease the absorption of skilled workers and hence mitigate
the necessary skill premium decrease. Using (A.4), (9) and the resource constraint, HTH-H„ the
growth rate can be formulated as:

1         f w„ 6, 1 -"•,
\ 4

gig  H-9  wT 1      J
. (A.5)

,  L H)

Remind that we analyse the endogenous growth version of our model, hence cp=a. The growth
rate is increasing in the skill premium. A higher relative wage for skilled workers reduces their
attractiveness for production-related activities and hence leaves more skilled workers for
growth-enhancing investment activities. Combining this equation with the no-arbitrage
condition (6) yields, after some manipulation, an implicit equation for the relative wage:

(           x     1 -CHi
1                     I. 6.  +6 1    .wHvt.  1

WH          OL(OL+OH   . L  1 WL OH 
- -                                                  (A.6)

(0/BO  +  [p-(1-(p/B)]H-L  .- -5£ 
  WL H)

This is an analogous expression to equation (12) where A is set to unity for simplicity. Note that
inboth the numeratorand the denominator a reallocation effectispresent. The numerator shows
that a higher relative wage affects the value of the production of final output whereas the
denominator shows that reallocation of skilled labour affects the value of organisational capital.

Close inspection (or careful application of the implicit-function theorem) learns that the
sign of the expression in brackets before H, that is the sign of p- (1-cp/ 13) = p+(1- 1 )cp/p- (1-a),
determines the sign of the effect of an increase in H on the skill premium. Hence, we find a
similar condition as in the model in the main text (see equation (13) with A=1).
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B. Solution of the model in Section 3

B.1. Firms
The current-value Hamiltonian of the optimal control problem for firm i reads as:

92  =  pixi- WHHf - wl- .,i + q f -"7'* ii'Hfi I qjm- p 1„i  · (B.1)

Use equation (20), (23) and the demand curve for an individual product variety to arrive at the
following first-order conditions:

afx,-0  -  p,.1 f.-11.,LaL,          C  e  J fpn:-9 (B.2)

29{                         It'H
'   I  0  -  %1 5       , -  - 'with equality if  Hj,  > 0,

(B.3)BH
ff.' af'nvji

  1 = rqf'-4f' - P,< Lf\W -12,-BL,+(1-ajq#,-°f'*iiNHJ'*
al < (B.4)

=Tqf,-4f, '

89.{
-  =  0 - qn, s p., 'with equality if I   > 0, (B.5)
01                                                          m
m

an,           C e

These expressions, with two transversality conditions, determine optimal firm behaviour. The

two labour-marketconstraints, H=Hf, +H„ and L =L„free entry forfirms inthe patents sector (22)
and the Ramsey rule (3) complete the description of the economy. We are interested in interior,
symmetric _ equilibria. This implies     that     (B.5)     and     (B.3)     hold with equality     and
p,-p  A  f =f A  n,=E for all  i. It is easy to show that with(p=a-v and 9-1-K positive balanced
growth is possible and implies that f=,i=*H..b=WL-1  g and 0=4„=4,=lin.
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Balanced growth requires

< 1 -vn'H  _ Xii"1
-,f'p

(B.Dfin (1-1 -H '

where the labour-market equilibrium for skilled workers and the parameter restrictions for
endogenous growth are used. UseA-f/n to write

H -    xA m
(B.8)

*1 -v+XA "'

and substitute this in g=61 -74 to obtain the expression for the BG-curve, equation (25) in the
main text.

Research arbitrage says that the returns to both research activities are equalised to the
return consumers require on their savings (equation (3)). Use (22), (B.6) and (B.2) to get the
return for buying patents

L
r-p  =  (1 -B) XAB (B.9)

Ttlhl / nlL

Analogously, the return for investing in appropriable knowledgefcan be rewritten as (use (B.2),
(B.4) and (B.3)):

L
r-* = B *1 -V+(1-a)g .

(B.10)
WH/WL

The equality of both investment options can be used to derive an expression for wH/wL in terms
of g and A. Substitute this in (B.9) and set this offered return equal to the required return from
the Ramsey rule (3) to get the arbitrage condition (equation (28) in the main text). This curve
slopes downward if 1-a<p (see, Figure B.1); if 1-a>p holds, the curve also slopes U shaped.
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Figure B.1. General equilibrium in the model of Section 3 when p>1-a
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Innovation or Assimilation?
A Note on the Optimal Research Structure

Abstract
This chapter introduces assimilation explicitly in the R&D-based growth engine. That is, firms need to
assimilate knowledge that is useable in research. Knowledge spillovers generate new ideas (the fertility
effect) but also make already assimilated knowledge obsolete. Once is recognised that knowledge
spillovers are to be assimilated before being useable, does this alter the result in the literature that
innovative activity is too low from a welfare point of view? Second, related to the first question: is costly
assimilation, or imitation, an activity that should be stimulated from a social point of view? It is shows,
by a previously unexplored mechanism, that the decentralised equilibrium might support excessive

innovativeactivity. Themechanismrelates to the knowledge-obsolescenceeffect new ideasthatspillover
push firms back on their learning curve.

' Comments by Sjak Smulders have been very stimulating. Jan Boone, Henri de Groot Theo van de
Klundert, Lex Meijdam, Paul Tang and Cees Withagen are gratefully acknowledged for useful
conversations.
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1. Introduction

Economic growth's driving force is technological progress. Technological progress is
usually thought of as the result of innovation. Innovation, however is only one part of
the Schumpeteriantrilogy of invention, innovationand, diffusionand adoption. The fact
that most growth analysis is limited to invention and innovation has blurred the crucial
role imitation and assimilation can play in the process of economic growth. Imitation or
assimilation is defined here as the joint process of the supply, or spilling of knowledge to
the public domain (diffusion)  and the demand for,  or use Of knowledge in the public
domain (assimilation). In the remainder this joint process will be indicated assimilation

(one may also read imitation where assimilation is used).
Inthebenchmark growth models diffusion is implicitly introduced in a somewhat

peculiar way that disguises the interesting role diffusion plays. That is, for example in
Grossmanand Helpman (1991, Chapter4)and Aghionand Howitt (1992), the knowledge
embedded in a new innovation is freely available, that is, it diffuses immediately and is
costlessly assimilated by other agents in the economy that enter the research sector. In
terms of Chapter 1, the knowledge stock useable for research is not specific, nor
excludable. As argued in Chapter 1, this treatmentof the diffusion process is incomplete.
It is generally recognized that diffusion takes time and that the assimilation requires

resources (for an elaboration on this point see Jovanovic, 1997, and the writings of
Stoneman and of Mansfield).1

This chapter introduces assimilation explicitly in the R&D-based growth engine.
Introducing assimilation as an explicit activity raises several questions. First once
innovation generates knowledge spillovers that can be assimilated, does this necessarily
imply that observed innovative activity is too low froma welfare point of view? Second,
related to the first question: is costly assimilation, or imitation, an activity that should be
stimulated from a social point of view?

These questions are analysed in an endogenous growth model where innovation
andassimilation ofknowledge spilloversarecostly processes. (The modelresembles that

of Chapter 3). We keep the total expenditures on knowledge accumulationconstant and
we examine whether innovation or assimilation is too low from a social point of view.
Knowledge spillovers from innovation have two effects: first a positive diffusion or
fertility effect and second a negative obsolescence effect.2 The fertility effect is common

1

See Stoneman and Kwon (1994 and 1996), Stoneman and Diederen (1994) and Mansfield (1985).

2 For empirical evidence, see Jaffe and Trajtenberg (1996).
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in the literature: innovative research for a specific patent or production process generates

general principles and concepts, as a by-product that add to the knowledge stock. The

obsolescence effect is related to the idea that innovative research generates new
principles that make those that have been assimilated in the past less valuable:

The chapter makes two points. First it shows, by a previously unexplored

mechanism, that the decentralised equilibrium might support excessive innovative

activity. The mechanism relates to the knowledge-obsolescence effect; new ideas that

spill over push firmsbackontheir learningcurve. The obsolescence effect is distinctfrom
the profit-destruction effect (see Mankiw and Whinston,1986, Grossman and Helpman,
1991 and the next chapter); the profit-destruction effect is the reduction of returns

generated by employingan assetin production, whereas the obsolescence effectreduces
the value of assets in the research process. In terms of Chapter 1, the obsolescence effect

reduces the value of the useable knowledge stock, whereas the profit-destruction effect

reduces the value of the productive knowledge stock. Second, we contribute to the issue

of economic development by showing that an imitation-based economy can sustainhigh
growth rates by effective planner intervention.

The analysis in this chapter relates to several strands of literature. Cohen and
Levinthal (1989) integrate innovation and adoption (or imitation) into the research

process of firms. They introduce the idea that innovative activity pays off, not only
directly, but also indirectly in more effective assimilation of knowledge developed by
others. In this static set-up is shown that the familiar disincentive effect of spillovers on
innovative activity mightbeoffset as spillovers make ownR&D more attractive as R&D
also increases adoption. As firms realise this positive assimilation effect of R&D,
spillovers may increase equilibrium R&D activity. This, alongside the beneficial
efficiency effect of spillovers associated with the reduction of'duplicate' or redundant

R&D, might balance the welfare evaluation towards a positive role for spillovers and
imitation: Rustichirli and Schmitz (1991) extend this analysis to a dynamic general

equilibrium model withendogenous growth. They furthermore deviatefrom Cohen and

Levinthal by introducing traditional R&D, and R&D to assimilate (imitation) as two
separate decision variables. Both the optimal innovation and imitation activity turn out
to be too low from a planner's point of view.

3 Think of learning to use a new DOS-oriented software package for your research (that is assimilation;
finding out what is useful for your specific circumstances) when a completely different Windows version
arrives. Part of the knowledge already assimilated becomes obsolete.

4 No formal welfare analysis is conducted.
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We extend Rustichini and Schmitz' view on imitation in two directions. First
Rustichini and Schmitz model imitation as fishing-out: the most effective ideas are
imitated out of the common knowledge pool first and make future imitation harder
(provided the 'fish stock' does not change). We allow for a positive intertemporal
learning effect: Second, and crucial for the results here, is that we introduce an
obsolescence effect of spillovers, along the creation or fertility effect that Rustichini and
Schmitz already introduced.

The endogeneity of obsolescence of the stock of knowledge-capital brings in two
other strands of literature. First Howitt (1998) discusses measurement issues in a
knowledge-based economy that undergoes a technology revolution. He argues that a
technology revolution increases the Poisson arrival rate of innovations and relates this
directly to depreciation of the physical capital stock inproduction. Incontrast to Howitt
we argue thatthe obsolescence effect of innovation ismore likely to affect the knowledge
stock available for future innovation (the useable knowledge stock) than the physical
capital stock. This is likely to alter Howitt's conclusions with respect to measurement
issues too (see also Chapter 4). Jones and Williams (1999) assess the optimality of R&D
expenditures by numerically weighting the different distortions of research: monopoly
pricing, creative destruction, consumer surplus creation and intertemporal spillovers.
Research is too low from a social point of view. By providing a different perspective on
intertemporal spillovers and introducing assimilation, this chapter stressesanalternative
mechanism that makes research excessive.

Segerstrom (1991) and Walz (1995) introduce innovation and imitation as separate
processes in growth models a la Grossman and Helpman's (1991) quality ladder and
expanding variety models, respectively. That is, in Segerstrom and Walz's analysis
imitation is a distinct activity from innovation. In Segerstrom's analysis more imitation
is not necessarily harmful for welfare, as against the welfare cost - a costly redistribution
of profits froma monopolist to two colluding duopolists6 - a welfare benefit arises as in
a larger proportion of industries firms engage in innovative R&D. Optimal innovation
and imitation rates are not derived:

5 Chapter 3 is more elaborate on this difference.

' Imitation of a monopolized patent is costly and leads to a duopoly.
7 Diffusion, adoption and imitation usually receive more explicit attention in North-South models.

Discussion of these models is abstained from here.
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The chapter proceeds as follows. The next section introduces the model and
analyses the decentralised equilibrium and the optimal research and assimilation
structure. Section 3 provides a discussion and Section 4 concludes:

2. Assimilation and innovation

Inthis sectionwe setup anendogenous growthmodel withassimilation and innovation.
Themodel differsfromthebenchmarkendogenous growthmodels intworespects. First
theassumptions abouttheavailabilityofknowledge differ. Incontrastwith, forexample,

Aghion and Howitt (1992), the knowledge stock on which innovation builds is not a
public good. This knowledge stock is specific to the individual entrepreneur and can be
accumulated by means of assimilation. Hence, effort is necessary to make the available

public knowledge useful as input for the innovation process. In the model the only
decision is how to allocate time over innovation and assimilation activity.

2.1 The model

The model has a continuum of consumer-entrepreneurs with individual-specific
knowledge to produce the single consumption good. Preferences of a representative
individual are given by:

u(c) = fe dt .                                                           (1)
-    -e,  42 -e -1

0    1-p

The rate of time preference is 8, and 1/p is the intertemporal rate of substitution, where
8>0, p >0. Time t is continuous. In the remainder the time subscript will be suppressed
where it leads to no confusion. To focus on the optimal research structure is abstracted
from labour in consumption goods (c) production: Hence, this is a variation to an AK
growth model. A unit of innovation capital 0 produces a unit of the consumption good
in every period. Imitation capital (k) produces v units of c per period. Thus:

8 An appendix containing most derivations and providing numerical examples of the different results
derived in the chapter is available upon request.

9 The decentralised and optimal allocation of resources over final goods production and research has
been studied widely, forexamples seeGrossman and Helpman (1991), Aghion and Howitt (1992) and the
next chapter.
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c =f+vk   .                                                                                                                                                                                                                       (2)

The innovation process is governed by:

f=Ul-aka u   ,         0<a i l   ,                                                                                                                                                                   (3)

where g is the research productivity parameter. The time endowment is normalized to

unity and u denotes the fraction of time devoted to research. Innovation builds on
useable knowledge consisting of accumulated specific knowledge (0 and the stock of
assimilated knowledge capital (k).

The main novelty of this chapter is the (explicit) formulation of imitative research.
Knowledge assimilation is governed by the following production function:

£=4-'p(k-6.01-'p (1-u) ,                                                                                      (4)

where f is a knowledge spillover and (1-u) is imitation time. This functional formallows
for a steady state and has the desired properties such that the two interpretations below

areeasilyestablished. Assimilation,likeinnovation, builds ontwostocks: spillovers from
specific knowledge and assimilated net experience (k-AD. Net experience is restricted
to be positive. Hence 1/6zf/k.We define the ratio of the two capital stocks when this
expression holds with equality as RM«*, where we simplify notation by definingj9k as R.

Equation (4) shows that spillovers of innovations by other firms have two effects. First
there is the positive diffusion or fertility effect and second there is a negative
obsolescence effect (governed by 6). Dividing both sides of equation (4) by k gives:

C  -'1 (pC 7, 1 9

641 fj   11 -5 i}         0 -u)  ,                                                                                                                                       (5)

where f-k/k. Equation (5) for fixed u is depicted in Figure 1. The fact that we focus on

symmetric equilibria and that  f   and  f  grow at the same rate in the steady state allows

us to use f-t· R can be interpreted as the gap between potential knowledge for

assimilation(f) and knowledge already assimilated (k, the stock of assimilationcapital).
The growth rate of imitation capital is - for given u - maximised at R '=(p/6<RM"X.
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A

k dk/dt

-·     R>lax RA

Figure 1. A'Gerschenkron' interpretation of equation (5)

There are two obvious ways to interpret equation (5). A first interpretation is in terms
of Gerschenkron's advantages of backwardness translated to a closed economy
(Gerschenkron, 1962). A backwardness measure is R. It is obvious from Figure 1 that no
backwardness (low R; that is, the ratio of relevant potential knowledge to knowledge
already assimilated is low) gives meagre possibilities for assimilation whereas medium
backwardness generates ample possibilities for assimilation. Full backwardness again,
R=RM«'., implies no possibilities for assimilation.
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Figure 2. A time-series interpretation
of equation (5)

Figure 2 is based on a discrete time version of (4):  k„-k,= <0(k,-4-,)' -* u. where f. indicates the level of
a given spillover. The numbers for { ko,fs. u.'<, $, 61 are {11, 70, 0.8, 0.035,0.5,0.141.

A second interpretation is a time-series perspective that follows empirical research by

Jaffe and Trajtenberg (1996). They analyse patent citations over time. Citations for a

given patent follow a double-exponential curve; the first three to four years the citation

frequency increases (diffusion) where after thefrequency slowly declines (obsolescence).
Equation (5) Eepresents this process. To see this take the diffusion of a given innovation,
that is, keepf constant and keep u constant: the usefulness of that specific innovation
first increases and later decreases again (see Figure 2 for the time-series perspective).

2.2 Equilibrium
At each point in time the only choice individuals make is how to allocate time between
assimilation and innovation. This section discusses the conditions that have to be
satisfied inequilibrium. Inequilibriumentrepreneurshiretheprofit-maximisinginputs,
labour markets and (implicitly) goods markets clear and no firm has the opportunity to
increase its profits by changing the allocation. The following equations need to hold.
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First, the marginal productivities of assimilation and innovation time should be

equalised, that is:

qf l _ika-qkG-9(k-631   9 +KO-K1 -0  ,
(6)

1<020 A fu-0, 420 A 4(1-u)-0.

The shadow values of innovation and assimilation capital are respectively denoted by
tlfand qk· Ko and Ki are the Lagrange multipliers to the inequality constraints on the time
endowment. The linearity of the accumulation equation in the instruments, u and (1-u),
implies that the adjustment to the equilibrium is likely of the bang-bang type. Therefore
we explicitly introduce the inequality constraints.

The second condition for an equilibrium is for that for both capital stocks, the no-

arbitrage conditions hold. The change in the (shadow) values of a marginal unit of
innovation and assimilation capital at any point in time is given by:

c-p+(1-a)«f-akau+ 4=0qf '                                          2
and

vc -P+0:qhf'-aka-'u +(1-0)qkff-*(k-63-0(1-u)+4k-eqk ·                         (8)

The rhs of (D is the required rate of return (the discount rate) on an investment of qf The
1hs indicates the return on investing that amountin research. The return consists of three
elements. First, research increases the innovation capital stock and hence the level of
consumption. Thus, the first term onthe 1hs denotesthe marginal utility of consumption.
The second term indicates the effect of research on the productivity of future research.
This term is decreasing in a, the share of assimilation capital in the innovation function.
The third effect is a capital gains term. The interpretation of equation (8) is analogous,
only the second term on the 1hs is different and denotes the effect of assimilation on the

productivity of innovation.

Remark that both equation (7) and (8) always hold and hence that we carl
summarize both equations in one expression. In order to do so we define Q=qf/qk; Q
measures the relative (shadow) values of a marginal unit of innovation and assimilation
capital. We can summarize equation (7) and (8) in one dynamic equation for
(qk-vqf) /f -p, the normalised (absolute) difference in the shadow values: 10

m Divide both sides of (8) by q„ next divide equation (7) by qf and multiply both sides by vQ and
substitute the result again  in  (8) and substitute  R  for ,#k.  Finally. to obtain a dynamic expression  in  a

stationary variable, <4k-Vq 1 -    dividebothsidesby (1 -vO)and add pfonbothsides.
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1 'k-„f (9) p-1  - -L-f 0(1 -vQ) -a/RQ -CLE)k.vQ(1 -a)  .p/ .
3 1-vQC 1-6R

Finally, the labour market has to clear, that is, the sum of innovation and assimilation
time equals unity.

A stationary equilibrium
A stationaryequilibriumll witha strictlypositive growth rate ofconsumption fulfills two
additional conditions. First to have positive steady-state growth u should be interior.12
Use equation (3) and (4) to obtain the following expression:

11=f-Q=<R
-a u-CR*(1-OR)1-cp (1-u) , (10)

where the 1hs equals zero by definition in the stationary equilibrium. R as a function of
u ishump-shaped (see the lower panel of Figure 3).13 For an equilibrium with aninterior
u equation (6) can be rewritten as:

(2_4(1 -OR)1 -9 . (11)

<R 1-a-'P

The upper panel of Figure 3 shows two possibilities of the shape of this curve.14

11 Stationary implies: 5 .f=k= -(1/p)41 = -('/P)#,

12 From equation (3) and (4) this directly follows.

13  R. .   (=(1/6)($+a)/(1  +a))  is the maximum feasible steady-state growth rate.

14 The Qi' version of the curve has a maximum at R  -   (41/6)($+a-1)/(1 +a))



Innovation or Assimilation, A Note on the Optimal Research Structure 195
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Figure 3. Equation (11) and (10)

If  (1 -(p)<a, the curve is hump-shaped (curve Q" in Figure 3). The intuition for  the
upward sloping part is as follows: a low R - the entrepreneur is endowed with a lot of
assimilation capital - and a low Q - assimilation capital is valued relatively high - are
consistent with equalised marginal productivities of time only if relatively more units
of innovation capital are produced per unit of time. It is exactly this what the
condition(1 -(p)<a says; at low R a unit of innovation time generates, relatively, a lot of
innovations compared to the amount of assimilation capital generated by time devoted
to assimilation. If R is high, and for all R if (1 -(p)>a, the reasoning is reversed. To limit
the number of cases to be discussed the remainder of text focusses on the case where
(1 -(p)>a, hence on the downward sloping curve Q:  Note that for a Q above curve Q1
only innovation takes place, as 4>1(0 implies that u equals unity (use equation (6)).

Next in a stationary equilibrium the ths of equation (9) equals zero. Substituting
(3) for / and (4) for Q in (9) and finally substituting (10) for u gives a second relation in
Q and R. This curve, denoted QDY„, is depicted in the Q-R space alongside Q:15

15 The curve is drawn such that Qth'n declining monotonically in R, this is not necessarily the case.
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Figure 4. General Equilibrium and market dynamics

The upper panel of Figure 4 shows that two equilibria exist. To determine which
equilibrium is stable we have turn to the dynamics. The dynamics are simple: if Q is
above Ql only innovation takes place, as 4>Ki. The QDY"-curve shows that to the right
of equilibrium E the relative shadow price - given by Qdy" around the equilibrium - is
below Q: thus only imitation takes place: u=0 and R declines. To the left of E; u=l and
R increases, hence the equilibrium is stable.16

Resultl There exists anequilibrium with both assimilation and innovationactivity.

At the unstable equilibrium E' firms are indifferent between converging to the stable

equilibrium Eand diverging to an innovation-assimilation capital-stock ratio of zero.

16  Note that QDY" is not the stable arm. To interpret QDY" as the curve that indicates where the relative
shadow prices move to, two additional elements are necessary. Note first that QD'" only exactly holds in
the steady-state equilibria. But, secondly, thecontinuityof the value function in thestate variables ensures
that Q behaves continuously in the state variables (around the equilibrium). Although we cannot draw
an exactsaddle path in the upper panel of Figure 4 (as the Q'Y"-curve is drawn for cases where h=Oholds)
we can infer that left of E the stable arm runs in the South-East direction as Q should fall and R should
increase and opposite to the right of E.
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Result2There existsa ratio ofinnovation toassimilationcapitalless than RE where
firms choose to accumulate assimilation capital only. The economy thus converges
to a state where R tends to zero and growth seizes.

Recall that firms do ignore their additions to the public knowledge stock (both the
fertility and destruction effect). The intuition for the result is then straightforward. Note
first from equation (5) that with a low R the destruction effect is small and hence
assimilation is attractive. Second, we have  0 -(p)>a.17 This can be read as: a is relatively
small, implying that innovation is relatively unproductive at a low R, hence assimilation
is relatively attractive. Or the condition can be read as: (1-(p) is relatively high, implying
that the positive intertemporal externality in assimilation is important (again making
assimilation attractive). Finally, it can be shown that the QDY„-curve intersects with the
vertical axis at 1/v. If the productivity of assimilation capital in consumption tends to
zero, RE goes to zero. Hence, imitation capital should be directly productive for the
individual/entrepreneur to choose to invest in assimilation only; a result which is
intuitively clear.

2.3 The social optimum
A social planner internalises both the fertility as well as the destruction externality.

Solving the planner's problem only changes equation (7), the equation that governs the
evolution of the shadow price of innovation capital. Equation (7) for the planner looks
like:

c -P+(1 -a)«f-aka u +
(pqgf'-10-6jil-*(1 -u)-6(1 -,p)qgf'(k-63-4'(1 -u)+ (hso
4f-eqf

This equation differs from equation (7) by the two terms onthe second line. They denote

respectively theinternalisationof thepositive fertility effect and the negative destruction
effect. Following the same procedure for this equation as for equation (D we can again

depict the relation in the Q-R space.

17 If (1-0)<a there exist only one (stable) equilibrium.
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Figure 5. The social planner vs. the market solution

First note that if R is relatively low (to be precise if R<Ri for a definition of R; see Figure
1) the relative shadow price of innovation to assimilation capital (CD for the social

planner is higher than for the entrepreneurs in the decentralised equilibrium. At R>R
the destruction externality exceeds the fertility externality and hence the value of an
additional innovation for the planner is lower than for the individual entrepreneur. As
the planner's equilibrium Q is lower than the decentralised valuation (at E'50), the
planner's equilibrium is more imitation intensive (is characterised by a lower R). As the
lower panel shows, the planner would increase imitation time; a lower u is optimal.

Result 3 The decentralised equilibrium can be characterised by excessive
innovation.

It is the endogeneity of obsolescence which is the basic mechanism behind Result 3.
Firms ignore the destructive effect of their innovations on the assimilation-capital stock
of other firms. Depending on the parameterisation, innovation might be excessive.

The arrows indicating the dynamics inFigure5 are for the planner's problem. There exist
three equilibria for the planner's problem. The dynamics learn thatboth E,o and E"so are
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stable. Depending on the state of the economy, the planner either chooses for equilibrium
E'c) or E-so.

Result4 If the initial innovation-assimilation capital ratio is sufficiently small, the
social optimal economy converges to a steady-state growth path with a relatively
high assimilation activity whereas the decentralised economy converges to a zero

growth path.

The intuition for this result is simple. The decentralised economy converges to zero
growth for reasons discussed under Result 2. The planner internalises the positive
externality from innovation and, as is intuitively clear, the social value of an additional
innovation goes to infinity if the ratio of innovation to assimilation capital tends to zero

(see also equation (5)). Atlow R the fertility externality surely dominates the destruction
externality, which the planner both takes into account.

One interpretation of this last result is that economies whose innovation capital is
determined tobe low, byhistory, need government intervention in order to prevent their
economies from ending up in a zero growth trap.

3. Afterthoughts and related issues

The last result gives rise to a speculative interpretation of the post WW-II history. An
intriguing interpretation of the evidently spectacular post WW-II growth pattern of
Japan is that growth remained high for so long as the government intervened actively
such that some innovation activity complemented the assimilationand imitation activity.
By doing so they prevented the economy from ending up in the zero-growth trap.
Argentina in contrast well known for the copying of Western-European style and
products, might have lacked a government sufficiently active to keep domestic
innovation going.

One of the questions raised in the introduction deals with the policy question
whether effective innovation subsidies are desirable. Jones and Williams (1999) assess

the optimality of R&D expenditures by numerically weighting the different distortions
of research: monopoly pricing creative destruction, consumer surplus creation and
intertemporal spillovers. The explicit modelling of assimilation alongside innovation -
a distinction ignored by Jones and Williams - provides a powerful mechanism causing
research to be excessive. Hence, spillovers from R&D, convincingly found in the
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empirical literature (see Nadiri, 1993, and Chapter 9 for an overview), can be beneficial

intra-marginal but might well be harmful at the margin. Such a view would reverse the

policy conclusions drawn from the empirical literature.

4. Conclusion

We have shown that under certain conditions, market research might be excessive
whereas the relative assimilation activity is too low from a social point of view. Critical
is the degree of intertemporal learning in assimilation and the degree of endogenous
obsolescence of innovation.

And although the exercise is too stylized to translate directly into policy advice, it
emphasises the interactions between innovation and assimilation that might seduce
governments to think about reshaping a general technology subsidy into an explicit
assimilation or imitation subsidy.
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Specific Technology, Variety,

Spillovers and Welfare

Abstract
In this chapter we develop a model to analyse the social optimality of growth and product variety. T'he
model contains two sectors, one assembly sector producing a homogeneous consumption good, and one
intermediate goods sector producing differentiated inputs. Growth results from R&D performed in the
intermediate goods sector. We disentangle three effects associated with increased variety: (i) a
productivity effect, (ii) a business stealing effect, and (iii) a growth effect. The market provides too little
variety and sub-optimally high growth if the productivity effect of variety is large relative to the market
power of intermediate goods producers. If varieties are not very productive, the market provides too low
a rate of growth, whereas variety may either be too low as well as too high. Decentralization of the first
best solution is considered and in general requires two instruments.

'

This chapter is a revised version of De Groot and Nahuis (1991. I am grateful to Erik Canton, Ben
Heijdra, Bas Jacobs, Theo van de Klundert Ton van Schaik and Sjak Smulders for useful comments and
stimulating discussion on earlier versions of this chapter.
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1. Introduction.

Product variety is an important determinant of economic welfare. Following the seminal
work of Dixit and Stiglitz (1977) and Spence (1976), the welfare effects of variety have
been analysed from various angles. 1 Dixit and Stiglitz themselves conceive the problem
of optimal diversity (in a static context) as one of quantity versus diversity. With the
presence of economies of scale inproduction, producing a limited variety of goods saves
resources thatcanbe used to extend the production volume. Hence a trade-off arises that
gives rise to the question of social optimality of the market equilibrium. It turns out that
the market supports too low product diversity.

Subsequent studies addressed the optimality question in the presence of growth.
In a dynamic context reduced variety saves resources that can be used not only to
extend the production quantity, but potentially also to increase the rate of growth.
Grossman and Helpman (1991, Chapter 3) analyse welfare in a model of endogenous
growth. In their analysis, there is (continuous) growth in product variety resulting from
investment in R&D. The more labour an economy allocates in the R&D sector, the less
labourremains for production ofconsumption goods. Thequestion here is one of growth
in variety versus volume of consumption goods. The optimal trajectory entails more
rapid growth of variety than the market equilibrium sustains, as firms ignore the
contribution of their knowledge creation to a common'knowledge pool'. Grossman and
Helpman (1991) also analyse a quality ladder model. In this model quality is endogenous
and variety is exogenous. Here innovative effort aimed at quality improvement might
be sub-optimally high or low, dependingon the sizeof the quality step. Van de Klundert
and Smulders (199D develop anendogenous growthmodelinwhich R&D isanin-house
activity aimed at improving quality. Besides quality growth, variety is also determined
endogenously. An important characteristic of the model is the constancy of variety in
equilibrium. The authors analyse the welfare consequences of different regimes of
competition in the presence of knowledge spillovers. They find sub-optimally low
growth. Product variety can be both too small or too large.

The studies discussed so far assume that variety has a direct effect on consumers'
welfare as consumers have a love of variety. Another branch of literature looks at the
productivity effects of increased product variety (Ethier, 1982). Romer (1990) takes this
route and develops a modelin which diversity of capitalinputs grows at a constant rate,
thereby increasing productivity at a constant rate. In a similar spirit the focus in this

'
We have no pretension of being exhaustive in the overview to follow.
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chapter will be on the effects of diversity on productivity. Barro and Sala-i-Martin (1995,

Chapter 6) point to the similarity of endogenous growth models of on the one hand an

expanding variety of consumption goods directly adding to utility, and on the other
hand the models of expanding variety of producer goods that increase productivity and
add indirectly to utility. Ultimately, it is the flow of utility that matters. Still, they argue
strongly in favour of expanding product variety models that add to productivity as they
can more easily be reconciled with reality.

This chapter develops a two sector model with endogenous growth to shed light
on the advantages and disadvantages of using a greater or more limited variety of
differentiated inputs. In the model both the growth rate of product quality and the
number of product varieties is endogenous (Smulders and Van de Klundert, 1995 and
Peretto, 1996 and 1999 apply a similar model). In contrast to the existing literature that
studies the tension between growth and variety, we explicitly single out returns to

variety (that are external to the firms producing the brands) from the elasticity of
substitution between brands: In, for example, Dixit and Stiglitz (1977), Grossman and

Helpman (1991) and Van de Klundert and Smulders (1997), the returns to variety and
the elasticity of substitution between brands are mechanically linked. Although the
returns to variety and the elasticity of substitution are likely to be (negatively) related,
there is no reason to assume a link as tight as suggested in the above-mentioned papers.
As will be shown in this chapter, disentangling this relation is crucial for the welfare
effects that are derived. In other contexts, not characterized by both endogenous
(quality) growthand endogenous variety, the importance of separatingreturns to variety
from the elasticity of substitution is convincingly shown, see for example, Benassy (1996
and 1998), Broer and Heijdra (1996), De Groot and Nahuis (1998) and Holtz-Eakin and

Lovely (1994). These studies put welfare results, derived in the context of models using
the traditional Dixit-Stiglitz specification for returns to variety, in perspective.

The model we construct has two sectors. In the first sector of the model, the
assembly sector, firms produce a homogeneous consumption good. Production takes

place using (homogeneous) labour that is supplied inelastically and differentiated
intermediate goods. The intermediates are produced in the second sector of the model.
In this sector, firms are producing a unique brand of an intermediate good. Labour is

employed ineach firm for production and for research. Intentionalinvestments in R&D
aimed atincreasing quality inthis sector drive economic growth. R&D is modelled as an
in-house activity yielding completely firm-specific knowledge. Hence, the relevant

2 A second difference is, as discussed earlier, that we follow Ethier (1982) in assuming that there are
returns to variety in the production of final goods instead of in consumption goods, as is the case in Dixit
and Stiglitz (1977), and Van de Klundert and Smulders (199D
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knowledge base for R&D is the stock ofknowledge that isbuiltupby the firm's ownpast
research activities. This contrasts strongly with growth models that assume an
intertemporal knowledge spillover that has a public good character and hence creates
a distortion (Romer, 1990, Grossman and Helpman,1991 and Aghion and Howitt 1998).
Note, therefore, that the familiar intertemporal spillover, in our model, is non-
distortionary.

The reasons emphasising the analysis on a model with completely firm-specific
knowledge and thus without an intertemporal externality are twofold. First there is
convincing evidence that an important part of knowledge is tacit (hence knowledge has
a firm-specific character), see Dosi (1988). Second, and more important most R&D
concerns the rival activity of knowledge adoption. That is, every firm has to be engaged
in costly 're-invention' and adjustment to specific circumstances of any idea from the
public knowledge pool before it can be used efficiently. This aspect of knowledge
accumulation is a factor of 20 to 30 more important in terms of costs than the creation of
non-rival ideas, according to Jovanovic (1997), who forcefully makes a this point. We
incorporate this perspective, and take it to the opposite extreme of the benchmark
endogenous growth models, in that R&D is (a rival) in-house process for firms. This
departure from the public knowledge pool concept is of course crucial from a welfare
point of view. At the end of the chapter we introduce as knowledge pool that is partially
public - that is we allow for spillovers - to examine the robustness of our findings.

Distortions that are present are the following. The uniqueness of brands gives rise
to market power. The resulting non-competitive pricing of differentiated products
results in a distortion as it affects the relative price of inputs in production of the final
consumptiongood. Two other potentially distortingmarket failuresare present. The first
arises because entrepreneurs do not take into account the surplus of their entry decision
that accrues to the producers of the consumption good, due to increasing returns to
variety. The second can be traced to the fact that entrants ignore the fact that entry
implies that the total market has to be shared by more firms. The first will be dubbed the
product diversity dect and the second will be called, following Mankiw and Whinston
(1986), the business stealing €#ect:

We show that explicitly separating out these three potential distortions is crucial
for understanding the results of the welfare analysis. Crucial is the strength of the
product diversity effect relative to the elasticity of substitution. 1he market results in
growth that is too high and a sub-optimally low level of variety when the product

' The notion of business stealing has strong resemblance to the proft destruction e#ect that Grossman
and Helpman (1991) distinguish.
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diversity effect is strong. If the business stealing effect dominates (and hence the returns

to variety are relatively low), the market growth rate is too low. If the diversity effect is
extremely weak, the variety supplied will be sub-optimally high: If it is extremely

strong, the opposite holds. In the intermediate case, both the rate of growth and variety
can be too low. Decentralization of the first best solution is shown to be possible and to
require two instruments, namely an output subsidy on the production of intermediates

and a lump-sum tax or transfer to producers of intermediates.

Hence, we contribute to the analyses of optimal growth by analysing optimal
government policy in a model where growth and variety are endogenous and
intertemporal spillovers are absent. Moreover, returns to variety are distinguished from
the elasticity of substitution. Next we add to the literature on second-best policy by
considering the optimal choice of the number of permits to be issued to intermediate

goods producers (hence, we analyse optimal policy when the government only has one
instrumentatits disposal, namely setting variety). Theoptimal policy inthis second-best

setting is to refrain from using the number of permits to manipulate the growth rate.

This chapter is organised as follows. In Section 2, we will discuss and present the
basic model. The steady state equilibriumof the market economy is presented in Section
3. In Section 4, we perform a first best analysis by looking at the unconstrained social

optimum, and wecompare this withthemarketoutcome. Inaddition, we designa policy
that supports the firstbestoutcome as acompetitive equilibrium. Section 5 considers the
second best problem of choosing the welfare maximizing number of firms (by issuing
permits), taking as given the non-competitive behaviour after entry. In Section 6

knowledge spillovers are introduced. We end with conclusions and an evaluation in
Section 7.

2. The model

Our economy comprises two sectors. The assembly sector produces a homogeneous
consumption good using intermediates and labour. Firms in this sector operate under
perfect competition and take the prices of intermediates and wages as given. The
intermediates are imperfect substitutes in production of the homogeneous consumption
goods. Following Ethier (1982), there is anexternality in this sector inthe form of increas-

4 In an informal discussion on variety and growth, Young (1998) hints at this result in case one deviates
from Dixit-Stiglitz preferences.
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ing returns to variety (productivity increases with variety). In the intermediate goods
sector, N firms are operating. These firms compete monopolistically. We assume N to be
sufficiently large so that competition is monopolistic A la Chamberlin.5 The number of
intermediate goods producers is determined endogenously by a process of entry or exit
as longas profits are non-zero.6 Intentional R&D performed by firms inthis sector results
in productivity increases and thus positively affects the quality of intermediates. We
assume R&D to be an in-house activity. There is no spill-over of the fruits of R&D
whatsoever; an assumption that will be relaxed in Section 6. Next, we will describe in
turn consumer behaviour, the assembly sector and the intermediate goods sector.

11 Consumer behaviour
A representative consumer maximizes his intertemporal utility subject to a dynamic
budget constraint7

%

maxj u(C,)e -01dt    s.t.    Wi   =  rtw,  + wlL, -CfPC't'                                                                            (1)
0

where C, is aconsumptionindex, Bis the subjective discount rate, W, are assets possessed
by consumers,8 r, is the interest rate, w,Lt is wage income in the economy and C,Pct is

expenditures on consumption goods. We assume a constant working population L.
Assuming a CRRA utility function, that is u(Ct) = C,1-p-1/(1-p), we arrive at the Ramsey
rule

5 Yang and Heijdra (1993) criticize this approach. They argue that the result that the number of firms
is so large that competition is monopolistically a la Chamberlin should be the outcome of the model and
not be imposed a priori. To avoid this problem, we would have to introduce the concept of a perceived
price elasticity, where this perceived elasticity depends on the number of competitors (see Smulders and
Van de Klundert (1995)). As this extension would seriously complicate the analysis and not affect the main
conclusions of the chapter, we abstain from this issue.

6 The process of entry and exit is assumed to drive profits to zero in our model. This can be extended
by explicitly introducing endogenous entry costs, see Peretto and Smulders (1998). In our analysis we
abstain from explicitly modelling entry costs; our results are insensitive for an extension of the model in
such a direction.

7 Subscript t denotes time.

8 The assets W consist out of consumer loans and shares issued by high-tech firms to finance their
investments in research. As in a consolidated equilibrium, net debt among consumers is zero, the income
on the assets, rW, equals the dividends paid by high-tech firms. We willlater return to the savings-in-
vestment equilibrium when discussing the general equilibrium of the model.
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S  .  1<  , - Pe,-el                                                                                                                         (2)c,     p l  ,  pc,    J

where 1/p is the intertemporal elasticity of substitution in consumption. Consumers

prefer a steeper consumption profile, the larger the gap between the real rate of interest

(r,-Pct/Pc,)  and the subjective discount rate  (8),  and the larger the intertemporal
elasticity of substitution (1/p).

12 Assembly sector

The assembly sector produces final consumption goods C under perfect competition. The
goods are produced according to (dropping time indices where it leads to no confusion)

E - 1   _L

C = XPL B with X - N' · Ex,-71'-1.                               (3)[ 1.1  ]

In this formulation, LC represents the number of production workers in the assembly
sector. X is a composite of the intermediates that are available. This specification of the
composite is borrowed from Broer and Heijdra (1996). N represents the number of
varieties of the intermediate good (indexed 0 available and e is the elasticity of substitu-
tionbetween any pair of differentiated intermediates. Returns to variety are represented
by the parameter o. With all the x, equal to a common x, as will be the case in
equilibrium, we get X=N™1(Nx). Suppose that there are two bundles of intermediates that
are equally large (N ix 1=N ix 2). If 0>1, the bundle with the largest variety (the largest N)
is most productive (that is, there are returns to variety). Parameter restrictions 021 and
e>1 ensure that production exhibits returns to variety (with strict inequality) and that
every variety is demanded. The returns to variety equal the special value assumed by
Dixit and Stiglitz (1977) if a=e/(g-1). The composite of intermediates specified in

equation (3), can hence be seen as a generalization of Dixit and Stiglitz (1977).9

9 It is easily demonstrated that in case o=e/(e-1), the expression for the composite good boils down to

  9-1 1
1

x = 11 x, , so in symmetry X = N'-1(Nx)
l, 1

This specification is used in many subsequent analyses (e.g., Grossman and Helpman (1991) and Van de
Klundert and Smulders (199D). We prefer the more general Ethier specification as we see no need for a
strict one to one relation between the mark-up resulting from market power and the returns to diversity.
See Benassy (1996) for a similar argument.
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The producers take prices for intermediates, output prices and wages as given and
perform the following (two stage) maximization problem

max  nc  =  CPC - wLc - Px X,                                                                                            (4)LC, X

where Ilc denotes profits and Px is the price index for the composite good.

Optimization yields

anc
-  = 0   **   BCPc  =  XPX, and                                                                              (5)ax

BI-Ic
- -u - (1 - p)CPC = Lcw,                                        (6)
8Lc

which is the standard Cobb-Douglas result of fixed income shares.

In the second stage, the firm decides on the optimal amount of input of each
variety. The following optimization problem is solved

£ - 1 z.fL
11  -1     7 le-1                    N

Mx,  N' ,  x,            s.t.    x,pj,  - XPx,                                                       (7)

which results in

N

x,=N(C - 1)(0 - 1) - 1  ixl

EX,px,                   N l l
x'    X, where px- '-1 .Nl.oil'r„1-Eli.=           (8)

which is the downward sloping demand curve for an intermediate of brand i. It is easily
seen that under symmetry the true price index (Px = N1.Op,) is decreasing in N if a>1.

2.3 The intermediate goods sector.

The intermediate goods sector consists of N firms, each producing a brand of a
differentiated input used in the assembly sector. Firm i produces a quality-adjusted
amount x, of the intermediate of type/brand i according to
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xi = fLA''                                                                                     (9)

where L., represents production labour in the intermediate goods sector, and f is labour

productivity. The quality of final goods production can be affected by R&D. The stock
of knowledge, which is assumed to be completely firm-specific, determines the quality
level directly. Knowledge accumulates according to

fi = W,Ln, (10)

where L„ represents research labour and g is the research productivity parameter. The
firms aim at maximizing their present discounted value subject to the demand for
intermediates and the costs and benefits of engaging inR&D. The objective can hence be
written as

00

max f[x,Px, - (L +Lr,+L)w]e -"dt. (11)

0

Lf is fixed labour required to start production, and r is the interest rate at which firms
could invest their money in the financial market.

The current value Hamiltonian corresponding to this dynamic optimization
problem reads as

H = xiP - (L +Lr,+Lf)w + qf(f Ln' (12)

where qf is the shadow price of knowledge.
The first-order conditions of the intertemporaloptimizationproblemare (assuming

symmetry so that we can drop the brand index i)

aH       1
-#* 0 -E)-w=O    -    p     = --S--E, (13)
aL                          *   8-1 fX

according to which firms engage in mark-up pricing  (note  that the mark up  (e/ (s-1))
reflects the returns to variety in case o=g/(s-1), see footnote 9),

aH-  =  -W + phol  =  0   -   W  = Phgh, (14)aLr
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showing that firms allocate R&D labour to this sector as long as the marginal benefits of
doing so (qgf) exceed the marginal costs (w), and

8-1 4f   .  Px 8-1   -1

-LXPX--£    - 14#r  =  4.f -rqf   -   .  + Ll.- .--<    + 51.r  =
r, (15)

which is the no arbitrage condition. Investing an amount qfin the financial market at the
rate r should yield the same return as investing in knowledge capital which yields a
capital gain, an increase in production, and an increase in the knowledge base.

The model is closed by imposing full employment labour market equilibrium

L   =  Lc + N(Lx +L,+Lf), (16)

and imposing instantaneous profits in the intermediate goods sector (II) to equal zero

n = Ipx - (Li +LY+Lf)w =0 (17)

Characterization of the steady state solution of the model will be the topic of the next
section.

3. Solution of the model

In this section, we characterize the steady state solution of the model and discuss its main

comparative statics. We assume that excess profits (or losses) arecompeted away byfree
entry and/or exit of firms (ignoring integer constraints). The number of intermediate
goods producers is thus determined endogenously. We define the growth rate of labour
productivity  in the intermediate goods sector as  g ( =f/f).  In the remainder  of this
chapter, we take the wage rate as num6raire (w = 1).

Solving the model (see Appendix A for a derivation of the expressions) yields a
required and planned rate of return on savings and investment respectively

r=   0  + p(p -1)g     and     r   =   (8 -1) (g+ g.) .
(18)

Therequired real rate ofrate ofreturn onsavings (r-Pc/Pc=r+Bg) thus increases with
the rate of growth of consumption (Bg) due to the wish of consumers to smooth their
consumption over time (p>0). The realized rate of return depends positively on the rate
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of growth, the productivity of research and the fixed cost requirement. Confronting the
realized and required rates of return results in a savings-investment equilibrium and
yields the equilibrium growth and interest ratesw

(e-1)<Lf-0 B(P-1)g.f-8g=
and     r   =   (e -1)                                                                                                                    (19)

p(p-1)-(S-1)  (p-1)-(8-1)

Finally, we derive the equilibriumnumber of intermediate goods producers (the variety
of intermediates) and the allocation of labour as

N - [P(p-1) - (£-1) 1 L  and  Lc = (1-p)L.
(20)

E[B(p-1) Lf- el

An important feature of the modelis that the scale of the economy (L) leaves the growth
rate unaffected (see Van de Klundert and Smulders (199D), whereas it leads to an equi-

proportionate change in the number of firms. The reason is that an increase in the size
of the economy leaves individual firm size unaffected and thus leaves the incentive to

engage in R&D unchanged. Scale effects are thus present only in the sense that
11productivity levels are affected. There are, in other words, static returns to scale.

Another important notion is that the parameter capturing the'returns to diversity' does
not show up in the solution for the equilibrium variety. The market does not take into
account the externality resulting from diversity.

For the growth rate, we can conclude that it depends positively on the fixed cost
requirement Lp the elasticity of substitution e, and the research productivity parameter
g. An increase in the fixed cost requirement lowers the equilibrium number of firms and
increases the market shareof each individual firm Thisincreasestheincentive to engage
in R&D and consequently the growth rate. A similar type of argument holds for the
elasticity of substitution. A large elasticity of substitution lowers the room for firms to
make positive profits and thus increases individual firm size. An increase in 8 and p

10 Stability of the equilibrium with a positive growth rate requires p(p-1)>(e-1)>0/(g,)
11 Labour productivity in the assembly sector (C/L,) grows at rate  g. The labour productivity level

equals

f = IN.-'t ' t.-"}'1-Be
which positively depends on N (and thus on L) as o>1. This result basically reflects Adam Smith's notion
of division of labour. The result that there are no dynamic returns to scale in this model depends on the
specific choice of our knowledge base (equation (10)). A more extended knowledge base in which the
equilibrium number of firms features, alters this result. See Section 6.
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reduces the consumers' incentive to save and thus increases the costs of acquiring
financial means to finance investment in knowledge capital. Firms will respond by
investing less in knowledge capital, reducing the rate of growth (and the equilibrium
interest rate). The reduction in the investment required to keep up with competitors,
increases the firm's profits, which will lead to entry. An increase in B (the share of
intermediates in the production of final consumption goods) increases the required rate
of return on savings (as consumption growth increases for a given level of productivity
growth). The equilibrium interest and growth rates consequently go down. This will be

accompanied by a downscaling by intermediate goods producers of both their research
and their production departments. At the same time, the assembly sector will substitute
away from labour and towards intermediates (LC /NL* decreases). This combination of
reduced high-tech firm size and increased demand for intermediates implies an increase
in the number of intermediate firms.

4. Optimal product variety

In this section, we will derive the first-best social optimum (FBSO) by solving the social

planners problem. The social planner maximizes intertemporal utility of the represen-
tative agent subject solely to technical constraints (that is, technology and resource

availability). Characterization of the social optimum will be the topic of Section 4.1. In

Section4.2, we willcompare the market equilibriumwiththe social optimum. The results

withrespect totheoptimal product variety, derived under the Dixit-Stiglitz assumption
that a=e/(8-1), turn out not to generalize when this assumption is dropped. This points
to the importance of disentangling the returns to diversity and the degree of imperfect

substitutabilityresultinginmarket power of monopolistic competitors (see also Benassy,
1996, and Broer and Heijdra, 1996). In Section 4.3, we design a policy that supports the
first best outcome as a competitive equilibrium.

4.1. The first-best social optimum
In this section, we will look at the first-best optimum in which a social planner is
assumed to maximize the utility of the representative agent subject to the accumulation
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function of firmspecific knowledge, the production technology, 12 and the labour market
constraint. Hence,

-

max U= f cl-p-le-e,dt,                                        (21)
J 1-P

subject to equations 0), (10), and (16). The current value Hamiltonian corresponding to
this optimal control problem is13

H = _1_1(L-N(L,+L,+L,))'-1,{N'fL, ],-'+qiffL'. (22)
1-pl

The First Order Conditions corresponding to this problem are

8H-=0    -     (1 -p)NL,= pLc,
(23)aL

1

BH ci_PN
--0    -    qf  -  (1 -9)-,                                                                                                            (24)aL                       Lcffr

    -  0    -    Lc  =    0 -13)L    =  LJI,                                                                                                   (25)BO+1-B

BH c 1 _  

91 + -   -  0'4    -     41 +f        + 4&L,   = eqf (26)
Bf

From equation (25), it is evident that employment in the assembly sector is constant.

Using equation (23), it then follows that NL* is constant. Substitution of the expressions
for NL* and Lc in the labour market constraint (equation (16)) gives an expression for L,

and consequently for the optimal growth rate

12 The model allows for a 021 restriction,  but with equality the social planners' problem is not well
defined. So here the parameter restriction needs to be narrowed to o >1. It is intuitively clear that it is
socially optimal to have a single variety in case a=1. As knowledge is completely firm specific and there
is no return to variety as such, it is optimal to minimize on the total fixed cost in the economy. To allow
for c-1, the restriction N 2 1 should be added to the social planners optimization program.

13 Use that under symmetry X = N" Nx = WA
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FB   fF(0-1) LFB

g   = #r  - P(0-1) +1 N FB -#f (27)

The optimal growth rate thus depends negatively on the number of intermediate goods
available in the economy. The optimal number of intermediate goods producers can be
derived as 4

N FB   .   B<0-1)(P-1)-1 B L So   g 8  =                                                     (28)
#f-0(0-1)

p(p-1)#f-0  P(0-1) +1  (O-1)(p-1)-1

We can derive

aN FB BN FB BN FB BN FB aN FR BN FB BN FB->0:->0:-<0:-<0:->0; ) 0. ->0. (29)ac aG aLf ag aL ap 813

An increase in the returns to variety positively affects the optimal number of differenti-
ated inputs, which is an intuitively clear result. An increase in the subjective discount
rate increases the optimal number of varieties of the intermediate good. The intuition
behind this result is as follows. A higher discount rate increases the value attached to
current production. This higher production can be achieved by increasing the number
of varieties used in the assembly sector, as the positive productivity effect of an
additional variety outweighs the negative growth effect that results from increased fixed
costs in the economy. Increases in the fixed cost decrease the optimal product variety.
The increased fixed cost tends to lower the optimal rate of growth (if N B is kept
constant). This negative effect can partly be offset by decreasing the fixed cost require-
ment by scaling down the number of product varieties. The other comparative statics
results need no further discussion.

The above results make clear that the social planner faces a trade-off between, on
the onehand, large variety with positive productivity effects in the assembly sector and,
on the other hand, high growth rates in the intermediate goods sector. The greater the
returns to variety (the larger a), the more growth the social planner will sacrifice in

exchange for variety. It is at this point that our model differs crucially from Grossman
and Helpman (1991; Chapter 3). In their model, growth is growth in product variety.

14 We impose the parameter restriction 1/( (p-1))<0-1<#f/0 Derivation of the optimal number of
intermediate goods producers can be found in Appendix B.
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Large returns to variety thus result in sub-optimally low rates of growth (see Benassy,
1998 and De Groot and Nahuis, 1998).

4.2 Market equilibrium versus the social optimum
We are now ready to compare the market outcome as discussed in Section 3 with the
FBSO. The model is characterized by three potentially distorting market failures. First
there is a (static) distortion in allocation resulting from the market power that inter-
mediate goods producers have, leading them to engage in mark-up pricing. The second
distortion results from the fact that entrants in the intermediate goods sector ignore the
productivity effect onthe producers of consumer goods (the diversity effect). And third,
entrants do not take into account that they decrease the effective market size for their
competitors (the business stealing effect).

Ca) A <- Mg
- FBg

G

(b)   A
N FB

M

1                   
            N

q         e/Ce. 1)                        a

Figure 1. The market equilibrium versus the social optimum

Figure 1 depicts the comparison between the market equilibrium and the social
optimum. Panel (A) depicts the growth rate in the market equilibrium (gM) and in the
social Optimum (grB), whereas Panel (B) depicts the number of firms (product diversity)
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in the market equilibrium (N ) and in the social optimum (NFB). The Figure is con-
structed using equations (19), (20), and (28).15

With respect to the rate of growth, we conclude that the market rate of growth is
optimal at a=e/(8-1). This is the specific value for the preference for diversity implicitly
assumed by Dixit and Stiglitz (1977). The number of product varieties supplied by the
market (N ) is sub-optimally low at this point which basically restates the Dixit-Stiglitz
result. Market power of the intermediate goods producers results in non-competitive
pricing, whereas labourcanbe hired ina perfectly competitive labour market. Therefore,
the use of inputs is distorted in the direction of labour in the assembly sector (Lc/NL, is
toohighfroma social pointofview). Aggregate demand for intermediates istoo andthis
results in too little variety of intermediates. The growth rate is socially optimal in the
market economy, as inthis special case the elasticity of demand reflects both excess entry
due to business stealing and the contribution of variety to overall productivity.16 Hence,
the product diversity effect and the business stealing effect happen to be of equal magni-
tude (cf Grossman and Helpman (1991, Appendix A.3.3)).

To the right of the intersection of gM and ZFB, the increasing returns to variety are
strongbutnot (fully) reflected inthe market by ahigh mark-up (as in the special case dis-
cussed before). The relatively low mark-up implies that profit opportunities are gloomy
and hence that the market supports only a low number of firms (see panel (B) of Figure
1). Thus, the number of firms in the market is sub-optimally low. Investing in R&D is a
fixed cost that can be spread over more sales in case the market is larger. Hence, the
existence of a low number of firms makes the return to R&D high and causes the market
to produce a sub-optimally high growth rate. To the left of the intersection of the curves
NM and NF; the argument presented above can be reversed; when the returns to variety
are low, the market provides too much variety and growth is too low. In the
intermediate case where q<c<e/(8-1), the market provides too little variety and too low
growth. The intuition for this result can be explained in three steps. (1) In the parameter
range under consideration, the social return to variety is relatively low. The entry
decision, however, is based on a price elasticity (c) that is relatively low (profit

15 From equations (19), (20), and (28), we can derive the partial derivatives of the growth rate and
number offrms withrespecttoo.agM/Bo=aNM /Bo-0,8gFR/Bo<o, algFB/Bal>O, andaN'B / Bo>o, a,NIB /  862
<0. The point of intersection of gER and gM is at c=e/(e-1).The point of intersection of Nn and N  (point q
in Figure 1) is at o=1+ [11(p-1)+11/ [B{p(e- )-(1-B)}]. By straightforward calculation it follows that 1+1/(p(p-
1))<q<e/(e-1).

16 Another way of putting this is to say that firm size is optimal, and the decision to invest in R&D is
not distorted in any other way. There is no appropriability problem as there are no spillovers, hence the
firm'sknowledgebaseisindependentofthenumberoffirms. The private surplus from innovation equals
the social surplus.
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opportunities are relatively high). This suggests a tendency for excessive entry. (2) A
countervailing power arises through the distortionary pricing by differentiated goods
producers. Cost mmimization of the assembly firm then leads to too low aggregate
demand for intermediates. This biases the entry decision downward. On balance entry
is sub-optimally low. (3) As we have seen, non<ompetitive pricing as such does not
impedeaPareto optimal growthrate (see panel (A) ato=e/(s-1)).For the growth we only
have to take into account the part of the argumentation under (1).17 This implies,

following the logic expressed above, a sub-optimally low rate of growth.

4.3 Decentralizing the first best social optimum
Having determined the first best social optimum, we are now ready to consider how a

policy thatcansupportthe firstbest social optimum as a competitive equilibrium should
look like. Having three distortions in our model, three instruments are in principle
required to decentralize the FBSO. However, as we will show, in this specific model two
instruments suffice.18 We introduce two policy instruments, namely an output subsidy

on intermediates (s) and a lump sum tax levied on firms producing the intermediates

(0:9 We assume that the revenues that the government needs in order to be able to pay
the subsidies are generated in a non-distortionary lump-sum fashion by taxing
consumers. Instantaneous profits of firms producing intermediates now equal
n =Xpx(1 +s)-(L*+L,+Lf)w-T. Following the sameprocedure asin Sections2and 3, wecan
solve for the equilibrium growth and interest rates, the equilibrium number of
intermediate goods producers, and theequilibriumallocation of labour over the various
activities (see Appendix C). Putting the equilibrium values equal to those inthe first best

17 This reasoning can be illustrated as follows: if mark-up pricing (leading to too low aggregate demand
for intermediates) would evaporate, the distortions on growth and on variety would be balanced again.
This is easily demonstrated by setting B equal to one (i.e., no direct labour is used in the production of
consumption goods). It then holds that q-e/(e-1), so the area between q and e/(e-1) in Figure 1  vanishes.
Note the similarity of this version of the model (with  3-1 and c=e/(2-1)) with the modelof Grossman and
Helpman (1991, Chapter 3).

18 This result resembles the result in Barro and Sala-i-Martin (1995, Chapter 6) where in a more or less
similar model as ours (without explicitly distinguishing between returns to variety and the elasticity of
substitution) a static and dynamic inefficiency can be eliminated with a single instrument. A similar issue
arises in Grossman and Helpman (1991, Chapter 3) where three distortions can be eliminated using one
instrument

19 We could as well introduce a subsidy on the use or purchasing of intermediates in the assembly
sector. It is easily verified that this subsidy should equal 1/e. This subsidy is required to correct for the
distorted price of the intermediates due to monopolistic price setting.
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social optimum yields the optimal output subsidy and lump-sum tax. As shown in
Appendix C this gives rise to

s = 1,0 and T = I__E..  1  <L,B(P-1)-8 . (30)
8-1 Le-1 -]VB(a-1)(p-1)-11

Decentralization of the first best social optimum thus requires an output subsidy that is
larger the more market power producers of intermediates have (that is, the less
substitutable the intermediates are). This subsidy corrects for the distorted price of the
intermediates due to monopolistic pricing and the associated too low demand for
intermediates that results from this price distortion. The lump sum tax (or subsidy,
depending on whether the returns to variety as measured by c is larger or smaller than
the mark-up) is required to make firms of the correct size or, to put it alternatively, to
sustain the first best number of firms. It thereby corrects for the profit destruction effect
and the product diversity effect. Both the size and sign of the lump sum tax crucially
depend onthereturnsto variety and the elasticity of substitution betweenintermediates.
If returns to variety are relatively large compared to the mark-up (a>£/(8-1)), a subsidy
should be granted to the producers of intermediates (T<0), in order to keep more firms
alive than could otherwise be sustained. This follows from the fact that excess entry
resulting in profit destruction is limited given the limited market power firms have,
while the problem of insufficient entry resulting from the returns to variety is large.
Hence, there is insufficient entry and a subsidy is required. Incase returns to variety are
relatively small, a lump-sum tax should be levied. In the special case where the returns
to diversity are exactly equal to the mark-up, no lump-sum transfer is needed and the

firstbestsocialoptimumcanbeachievedbyjustgrantingtheproducersofintermediates
an output subsidy.

To conclude this section, we have seen that the market growthrate is optimalin the
special case when o=g/(<-1), while the number of varieties served by the market is sub-

optimally low. This last result reiterates the Dixit-Stiglitz result of insufficient entry, but
now in a dynamic context. In this special case, the FBSO can be replicated in a
decentralized economy by granting intermediate goods producers an output subsidy.
If the diversity effect is stronger, the market provides a sub-optimally high growth rate
and features insufficient entry. Besides an output subsidy, a lump sum subsidy to
intermediate goods producers is needed to replicate the FBSO. If, however, the diversity
effect is less pronounced, growth is sub-optimally low and the market might support a
number of varieties that is either too high or too low from a social viewpoint.
Decentrali7ationofthe first-best social optimumrequires an output subsidy and a lump-
sum tax on intermediate goods producers.
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5. The optimal number of permits

Successfulimplementation of industrial policies to achieve the first best results derived
in the previous sectionmaybe difficult and unrealistic. They require enormous amounts
of information for the government (and the government to behave in a benevolent

manner). In this section, we consider the second best problem of choosing the welfare

maximizing number of firms, taking as given the non-competitive behaviour after entry
of intermediate goods producers (this closely resembles the analysis in Mankiw and
Whinston (1986), but in a dynamic context). Hence, it is assumed that the social planner
cannot control the behaviour of a given number of firms, but can choose the number of
allowances. In order to derive the socially optimal number of permits to be put on the
market we derive an explicit expression for welfare (given the behaviour of firms).

Recall the utility function introduced in Section 2

-  C i _p -1

uo= r
t

e  -etdt. (31)

  1-P

Using

C, = X,BL TB, (32)

and the fact that the allocation of labour and the growth rate are constant over time, we
arrive at

u = jl '•fot,j,Lc-,1,-, cio_AB:-el'dt,                                               03)0        1-p0

wherefo is the initial productivity level (which subsequently grows at the constant rate

g). Integrating this expression finally yields

1
UO-

(p -1) [Bg(p -1) +
01I{N.f,L,fL -Br-'

(34)

The next step in our analysis is to characterize the effect of a change in the number of

product varieties on utility. The sign of the derivative of the present discounted utility
with respect to N equals
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( dUo | <   1    1 aL 1 8Lc P ag)
sgn. 1  -1     =  sgn. 1  0 -  +   3--  +  (1 -                     +                                                                       (35)

(dN} (     N      L, aN LcaN pg(p-11+08Nj

Utility is affected by an increase in the number of varieties of the intermediates (i.e., the
number of permits issued by the government) through four channels20.

1.    There is a direct positive productivity effect (the first term); this is due to the
diversity effect in the Ethier specification. This effect is increasing in c, the returns
to diversity parameter, and decreasing in N, the level of variety already attained;

2.          There is a negative volume effect (second term) related to business stealing or profit
destruction; more varieties reduce the size of firms producing intermediates and
thereby reduce the produced volume of intermediates;

3.     There is a negative effect on consumption goods production (third term); more
varieties are resource consuming by the increase of the total fixed cost in the
economy, reducing labour available for production of theconsumption good inthe
assembly sector.

4.       There is a negative growth effect (the fourth term); more varieties reduce the scale

of operations for each firm and hence the profitability of engaging in R&D. The
weight for this (negative) effect depends negatively on the pure rate of time
preference (8), and positively on the intertemporal elasticity of substitution (1/p).

The negative effects are essentially caused by two factors, viz., aneffect running via the
'potential of the economy to have large intermediate goods producers with a high
growth potential' (L/N), and an effect running via the effective supply of labour (L-NL )
that is affected by increases in fixed costs following an increase in variety.

The optimal number of firms in the second best social optimum (SBSO) can now
be derived as

N SB  =    (0-1)(p-1)- 1        IKL
(36) (p-1)<Lf-0   P(0-1)+1

20 Note that in performing this analysis, we look at an exogenous change in N. The number of firms is
determined exogenously. We assume in other words that entry is blocked (or, alternatively, exit not
required). Thesolution of the model under the assumption thatthere is no free entry is given in Appendix
D.
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Comparing this solution with the solution for the FBSO (equation (28)) reveals that the

product variety chosen by the planner who has only one instrument at his disposal is
exactly equal to the FBSO. This reflects the fact that the marginal utility of an additional

variety is independent of the rate of growth. So comparing the SBSO for the number of
intermediates with the solution in the decentralized equilibrium gives rise to the same
conclusions as described in Section 4.2.

In the special case where  =1 (i.e., only intermediates are used in the assembly
sector and hence the potentially distorting market failure due to mark-up pricing
becomes ineffective as relative prices inthe assembly sector are no longer distorted), the
second-best growthrate equals the first best.21 So when the distortion in factor allocation

resulting from mark-up pricing by intermediate goods producers is 'eliminated', the
social planner that has only one instrument at his disposal (the number of permits) can
perfectly replicate the FBSO.

In the more general case with  <1, the growth rate in the second best is always
lower thanin firstbest (see Appendix D). Finally, comparing the growth rate inthe SBSO
with the market equilibrium basically yields the same qualitative conclusions as in
Section 4.2. In the special case of a=g/(e-1), the implicitly chosen growth rate by the

planner is lower than the market growth rate (remind that the planner chooses the first
best number of firms, which is higher  than the market supports). This reflects  the

predetermined weight on the lack of variety in the Dixit-Stiglitz specification, for which
the planner solves.

Figure 2 compares all three growth trajectories with the accompanying variety for
different values of a.22 The comparison of the SBSO with the FBSO shows, as stated

above, that the optimal number of product varieties is equalin both cases. As the avail-
able instruments are limited in the SBSO it is obvious that given the equality of the
optimal variety, the growth rate always must be lower in the SBSO than in the FBSO.
Taken that the optimal number of firms is equal in the two welfare exercises and that a
the trade-off between growthand variety exists, thecomparisonbetween the market rate

of growth and the growth rate attained by SBSO policy is obvious. It should be noted
that with a permits policy it is impossible to improve both on the number of varieties
and the growth rate at the same time.

21 We refer to Appendix D for the solution of the growth rate.

22 Thecurve for the SBSO growth rate is drawn using the facts thatat/aa<0 and a 8/8 >0. We refer
to Appendix D for a derivation.
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Figure 2. FBSO vs. SBSO

6. Knowledge spillovers and welfare

Spillovers ofknowledgeare persuasively found in empirical research (for references, see
Chapter 9). A spillover is a classical example of an externality, and hence from the point
of view of welfare analysis of crucial importance. Empirical research shows that
knowledge creation in the form of a granted patent or research activity in the form of
R&D spending of one agent is beneficial for other agents in the economy. This simple
argument suggests thatR&D activity is too low froma socialpoint of view. The findings
in the previous sections rely on a trade-off between growth and variety. This trade-off
is a desirable feature of our model that partly emergesfrom the specific nature ofknowl-
edge that we assume. In our analysis so far, knowledge is specific to a firm or
organization and in that sense it is excludable. The very nature of knowledge, however,
is that it is non-rival (e.g. Romer (1990), this is extensively discussed in Chapter 1). Given
theconvincing empirical evidence ontheexistence of knowledge spillovers werelax the
assumption of perfect excludability of knowledge, applied in this chapter so far.
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6.1 Modelling knowledge spillovers
To introduce spillovers in the model we postulate the following engine of growth,
replacing equation (10)

f, = V]-a Z;'Lri,  Zi = ZVA, j*i , (37)

where 1-a measures the degree to which the returns to investments in R&D are
appropriable, and Z, is the relevant knowledge pool available for firm i, which is not
accumulated by firm i itself. The larger a, the larger the disincentive effect for firms
investing in R&D will be. Setting a equal to zero yields the original equation for knowl-
edge accumulation in which the returns to investments in knowledge are fully
appropriable. Some features of this functional form are worth noticing. First and most
important for the welfare analysis is that an externality is introduced. By means of R&D
activity all firms contribute to the common knowledge pool, a consequence which they
do not take into account when determining their behaviour (purposely spilling
knowledge is excluded; thus, we abstain from strategic interaction since we assume the
number of firms to be large throughout the analysis). Secondly, firm i does not benefit
from firmj's R&D activity unless it engages in R&D activity itself.23 Thirdly, if Z, is time-
invariant R&D activities run into diminishing returns, unless a=0.24

The solution procedure of the modelis similar asbefore, as in the derivation of the
first order conditions Z, is taken parametrically by firms. To get more insight we have
to put more structure to the model by being explicit about the knowledge pool. In
empirical work different R&D or knowledge stocks are weighted according to'techno-
logical distance' or input-output relations; in our stylized model these concepts are not
defined explicitly. We propose

N

Zi = INI'-14,  j*i, 11>0. (38)
1,1

Hence, only the degree of duplication (B<1) or inspiration (,1>1) is taken into account. If
Ii<1, the marginal effect of the entrance of other firms with an average knowledge stock
is declining. Hence, in terms of the empirical literature, the'technological distance' of a

23 Cohen and Levinthal (1989) stress the importance of R&D to learn to absorb knowledge developed
by other agents in the economy.

24 Thisfundamentalchange ofputting 1-a smaller than 1 is introduced as in thesymmetricequilibrium
Z, grows at the same rate asf, and hence to analyse a steady state with spillovers and a constant growth
rate we need to introduce (1-a)<1.
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new firm exceeds the average'technological distance' in the economy. A different way
of understanding what 11<1 means is to think of duplication of already developed

knowledge. The'inspiration' case in which,i>1 implies that contact with an additional
firm in possession of the average knowledge stock increases the knowledge pool more
than proportionally. Ideas can thus be created through possible'neue combinationen'.

Assuming symmetry of firms in f, (4=f for all i) and N large, the knowledge
accumulation function boils down to

2    =   FAT Bafl - a ra
Ji   V-   Ji   J ' (39)

where f is the average knowledge stock.

6.2 The market solution

Replacing the'old' engine of growth with equation (39), we can solve for the market
equilibrium of the model where we proceed along the same lines as before.

Combining the FOCs for firm behaviour with the Ramsey rule and the zero profit
condition results in a relation between the rate of growth and the number of firms that
looks like

(8-1)fL Tpa _ 0g ZP  =                                                                                                               (40)
 (p-1)+a-(8-1)

This result reveals that the rate of growth that can be obtained is increasing in the
number of firms, since each individual firm adds to the knowledge base from which all
individual firms inthe economy canbenefit (unless B=Oand/ora=0). Combining goods-
and labour-market equilibrium, thezero-profitconditionand the Ramsey rule, we obtain
a second relation between the growth rate and the number of firms that equals

g (e-1)L _ 0

  IME  -    El'11-,la            
(41)

p(P-1) +a

Given the operation of the labour market constraint, more firms leave less labour for
R&D which will depress the rate of growth, unless the degree of inspiration is large
(B>1/a). Confronting these relations in a graph yields the solution of the model as the
intersection of the two curves. The graph is depicted in Figure 3.
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Figure 3. General equilibrium with spillovers

We will now consider three cases. In the first case, 51 equals zero and a is equal to zero.
This is the case considered in Section 3. In this case, gzp is independent of the number of
firms. In terms of Figure 3, gz  is horizontal. Though an increase in the size of the
economy increases the number of firms ( LME shifts outward in Figure 3), the growth rate
remains unaffected. In the second case, we leave 51 equal to zero, but we allow for
knowledge spill-overs by allowing a to be larger than zero.25 The rate of growth and the
equilibrium number of firms in this case can be derived as

 = (e-1)<Lf-0 'N= L[p(p-1) +a- (e-1)]

 (p-1)+a-(e-1) ,[af(B(p-1)+a)-el ' (42)

An increase in a, that is spillovers become more prominent will decrease the rate of
growth and increase the number of firms.26 Less R&D activity means a lower fixed cost
burden resultingfromR&Dexpenses (furtherdenoted asa'quasi-fixed' cost), and hence

entry is higher with spillovers than without spillovers. The model is still characterized
by the absence of scale effects since gzp is still horizontal, and the trade-off between

growth and variety prevails. Finally, we consider the case in which K is also taken to be

25 This case is examined in Van de Klundert and Smulders (199D.

26 Theeffecton thenumberof firms follows from explicitly solving for Nand takingthe derivative with
respect to a. This reveals that the equilibrium number of firms unambiguously declines in a.
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positive. In this case, gzp is upward sloping and the rate of growth is no longer

independent of the scale of the economy. Due to non-linearities, a closed form solution
for the rate of growth and the equilibrium number of firms cannot be obtained.

To getsome feeling for the forces that areatplay when the number of firms change,
we will now solve the model taking the number of firms exogenous. Starting from the
first order conditions and the Ramsey-rule and using labour market equilibrium the
equilibrium growth rate is found as27

 41 -L j- 8   E-B
LN   B(e- 1)g= (43)

1  + [B(p-1)  + al
E-B

13(e- 1)

Taking the derivative of the growth rate w.r.t. the number of firms, it follows that the
growth rate is a decreasing function of N, unless Ba[L/N-Lf]>L/N, that is unless the

degree of inspiration is very large, the disincentive effect is large and fixedcosts are low.
In this special case, the trade-off between growth and variety no longer prevails.

6.3 Market equilibrium compared to the first best social optimum with spillovers
An analytical comparison of the market equilibrium with the first-best social optimum
for the general case is intractable due to non-linearities in the expressions for the growth
rate, the allocation of labour and the equilibrium number of firms. Appendix E provides
some computational details onthe implicit functions describing the first-best and market

equilibrium. In the remainder, we restrict attention to the main conclusions and focus on
the intuition behind the results we obtain. In order to focus on the externality resulting
from spillovers, we now exclude distortionary pricing (by setting   equal to one), and
we restrict attention to the Dixit-Stiglitz specification where the productivity effect and
the business stealing effect cancel (i.e. a=e/(e-1)). The knowledge spillover is thus the
only remaining distortion in the economy.28

21 Use that L-N(L,+L,+Lf)+(1-p)2/ p(£-1)NL. where L, and L, satisfy equation (E.4) and r =P(P-1)g+0.

28 In terms of Figure 1 q equals e/(e-1) so the region between q and e/(e-1) disappears and we focus
only on the vertical line through e/(e-1) on the horizontal axis. Hence both growth and variety are, but
for knowledge spillovers, optimally supplied by the market.
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Looking at the disincentive effect in isolation (a>0 and &1=0), growth is sub-
optimally low and variety is sub-optimally high. Starting off here, a ceteris paribus
increase of ki results in an increase in the growth rate, as N enters the knowledge base.
It can be shown that for some g>1 the market rate of growth is too high from a social
point of view and that variety is too low, the opposite result of the case where the
disincentive effect operates alone. The logic here is simple. With it= 0 growth is lower
than optimal due to the disincentive effect and consequently too many firms can survive
in the market. At some :i, increases in variety are so potent in the growth engine - the
inspiration externality of new entrants - that lower input of R&D in exchange for more
firms is to be preferred from a social point of view.29

Figure 4 provides a welfare analysis in the (1-a)-B-space. The figure is based on
numerical analysis (sensitivity analysis has revealed that the qualitative results are
insensitive for changes in parameters). Details and parameter values are provided in
appendix E. Every point in the grid represents a different (1-a)-51 combination keeping
theother parameters fixed. Atevery point the growth rate and variety supported by the
market are compared to the optimal growth rate and optimal variety. The lines in the

figure demark regime switches with respect to optimality.
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Figure 4. Welfare and spillovers

29 The market thus creates a fixed cost burden that is too high for social optimal entry.
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We initially focus on the vertical dimension in the figure: starting at a certain value for
1-a, we increase,t from zero. At 51=0 only the disincentive effect is present and the effort
put into research is too low and hence the'quasi-fixed' research cost is low and entry is
sub-optimally high. At the NN-line the number of products sustained in the market is
optimal. Above the NN-line, g is that high, implying variety is so potent in the growth
engine, that despite the disincentive effect entry is too low from a social point of view.
Remember that growth is too low due to the disincentive effect. This as such implies a
relatively low fixed cost. But variety is so powerfulinthe knowledge base that the social
planner prefers to have more firms in the market. Increasing p even further, above the
GG-line where the market rate of growth equals the optimal rate of growth, takes the

economy in a third regime. In this regime the market rate of growth is too high and the
supported variety remains sub-optimally low. In thisregimethe planner would decrease
research effort, as less effort implies less'quasi-fixed' costs and saved resources. Again,
the decrease in the 'quasi-fixed' cost induces entry. From the planner's perspective it
allows for more variety. And note that variety is, in this parameter range, extremely
potent in the research engine. This counteracts the welfare loss due to the cet. par.
decrease inthe growth rate. Insum, if theelasticity of variety with respect to the growth
rate is extremely high, the planner is willing to sacrifice growth for increased variety,
which makes the market growth rate too high despite the disincentive effect.

Taking a horizontal perspective might add some furtherinsight. The upward slope
of the NN-curve can be explained as follows. Starting of from a point on the NN-curve
where the number of firms in the market is at its optimum, a decrease in a has two
effects. First it lessens the disincentive effect, implying that firms in the market increase
their R&D which increases their fixed costs and thereby results in too little entry in the
market compared to the social optimum. This worsens the problem of insufficient entry
in the market equilibrium. Secondly, it lessens the problem of insufficient entry in the
market since tia and thus the degree of inspiration has decreased. Since an increase in Fi
is required to arrive in a new situation where the number of firms in the market is again
in its social optimum, we conclude that the latter effect of a is dominant. The upward
Slope of the NN-curve is confirmed by extensive numerical experimentation with the
model for reasonable parameter values.

Along similar lines, we can explain the downward slope of the GG curve. Starting
ata point on this curve, a decrease inahas two effects. Firstly, itreduces the disincentive
effect and thus makes growth too large froma social point of view. Secondly, itreduces
Bia which means that entry becomes sub-optimally large, firms become sub-optimally
small and growthbecomes sub-optimally small. Since a decrease ing isrequired to bring
growth back to its social optimum, we may conclude that the former effect is dominant.
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This section shows that, unless the degree of'inspiration' is very large, the results
derived in our analysis in the previous sections stand upright.

6. Conclusion

This chapterhas developed a simple two sector model of endogenous growth. Increased

variety of intermediates was shown to have both a positive effect on welfare via
increased productivity and negative effects via reduced growth and reduced availability
ofproductive labour. Three potential market failures where distinguished, i.e., a product
diversity effect a business stealing effect and a pricing distortion. The market was
shown not to provide in any case an equilibrium that reflects a socially desirable trade-
off between variety and growth. When returns to diversity are strong relative to the
toughness of competition, the market supports a too high growth rate and yields a lack

of variety. When the returns to diversity are very weak this conclusion is reversed. The
intermediate case might deliver a growth rate and anumberof varieties that are bothtoo
low from a social point of view. These results illustrate the importance of disentangling
the returns to variety and the imperfect substitutability of brands when analysing the
welfare properties of models of monopolistic competitionwith endogenous growth. We
believe that a trade-off between growthand variety is of crucialimportance with respect
to optimal R&D policy. This trade-off that is at the heart of our previous analysis and is
robustto the introductionknowledge spillovers. Introducing spillovers makes the rather
uncommon finding, that variety is too low from a social point of view and growth too
high, even more likely. Only in the'inspiration' regime - a very high degree of positive
interaction between knowledge developed by different firms in the economy is present
- the trade-off between growth and variety vanishes.
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Appendices

A. Solution of the model

In this Appendix, we characterize the steady state solution of the model. Using the expressions
for the price of intermediates (equation (13)) and the allocation rule of research labour (equation
(14)), we can derive

6. w-t =3--g= 5. (A.1)
p <        to      f        ID                 qi

Note that the wage rate is the numOraire (w=1). In the steady state, the allocation of labour is
constant, and the number of firms is fixed. This gives rise to

Pc   Pgc = Pg, - Bg  and  - = 13-1 = -Pg (A.2)
pc    Pr

So we can write the Ramsey rule as

 g=       ·                                               (A.3)
r+Bg-0

P

This equation corresponds to equation (18) in the main text.

Using equations (13), (14), and (A.1), the no-arbitrage condition (15) yields

-g-r  = -<(Lx+Lj. (A.4)

Imposing free entry and exit in the intermediate goods sector results in zero excess profits
(equation (lD). Substituting the price for intermediates (equation (13)) and equation (9) into the
zero profit condition (equation (lD), it boils down to

L X+L r +L f   =       c                                                                                                                                                           (A.5)L
1            

8-1

The firm size in relation to the size of the production department is thus equal to the mark-up.
The larger the mark-up, the more a firm can afford to have large fixed costs (L,+L,) without
making losses. The rate of return on investment can now be written as30

r  =  (8-1) (g+49) (A.6)

30 Combining equations (A.4) and (10) results in L,=r/4 Substitution of this expression for production
labour, and L,(=g/0 into equation (A.5) yields equation (A.6).
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This corresponds to equation (18) in the main text. Confronting the realized and required rates
of returns yields the equilibrium growth and interest rate (equation (19) in the main text). The
equilibriumnumberofhigh-techfirmsandtheallocationoflabourcannowbedeterminedusing
labour market equilibrium (equation (16)), and

NL _E_
Npx,x, LCIO 18-1 Lc (A.7)

CPc = = ---- SO
-1-B'B     1-B        B

whichshowshow theassembly sector optimallychoosesbetween labour and intermediates. This
leaves us with

N = [P(p-1) - (8-1)]fl3L and Lc - (1-p)L. (A.8)
<B(p-1)<L,-el

This equation corresponds to equation (20) in the main text.

B. The first-best social optimum

This Appendix solves for the optimal number of firms in the intermediate goods sector in the
first best social optimum. Differentiation of equation (24) with respect to time yields

& = (1-p)9 + 82 - fc -L
(8.1)

qf   C N Le f

We know by combining the equations (24) and (26) that

&  .  0 -fL  -    FfLC    · (B.2)

qf       ' N(1-m

By differentiation of equation (3) with respect to time, we get (using symmetry among the
intermediate goods producers)

E . P.E.(1-4)-c = 11|(0-1).R .1:  +1 + EI .(1-B)-c.                           (83)C X L I N N f Lx]   LCl     C

We now use the fact that LC and NL, are constant to arrive at

· [1 +  (1 -p)(a-1)]  =  0 -  1\ L )  - P(1 -p)7.                                                                             (B.4)
f

Finally, using the solutions for Lc and the growth rate off(equations (25) and (27), respectively),
we arrive at the following differential equation in N
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N =   P(p-1)<Lf-8  N -     P<L
p(p-1)(O-1) -1 13(0-1) +1                                                                                  

               (B.5)

Under the restriction 1/(p(p-1))<0-1<fLF /0 the root of the differential equation is positive and
the optimum is characterized by a positive and constant number of firms. This optimum is
obtained by setting N equal to zero. This yields equation (28) in the main text.

C. Decentralization of the first-best social optimum

In this Appendix, we derive a policy mix that can be used to support the first best outcome as
acompetitiveequilibrium. Weintroduceanoutputsubsidyonintermediates (s) andalump-sum
tax on firms in the intermediate goods sector (T). The current value Hamiltonian then reads as

H  =  xp,.(1 +s)  -(L, +L, + Lf)w- T+q#Lr' (C.1)

The first-order Conditions can now be determined as

BH 1 E-1)

aL.    -  ft     z    j F, (1 +S)-W=0, (C.2)

8H
- = -W + 419= 0, (C.3)aL

8H
_  =  rqi - 14-Lap,(1 + s).S.2·1 + 4/#r. (C.4)
af

The solution procedure is now the same as in Appendix A. Using the zero-profit condition, the
Ramsey rule (equation (A.3)) and labour market equilibrium (equation (16)), we derive the rate
of growth, the interest rate, the number of workers in each intermediate goods producing firm,
and the equilibrium number of firms as

<(e-1)(Lf+I)-8 (£-1)Ip(p-1)<(Lf'71-elg= , r =                                                (C.5)
P(p-1)-(S-1) B(p-1)-(8-1)

N  =                                   (1+s) L [13(p-1)-(e-1)]
(C.6)

(1 +Bs)e[Bg.L f(p-1)-0]+Tfp[(p-1)[(e-B)+Bs(£-1)] +Ce-1)(1 +s)]

The solutions for the firstbest output subsidy and lump-sum tax are now easily found by setting
these solutions for the growth rate and theequilibriumnumber of firms equal to those in the first
best social optimum (equations (2D and (28)). The first best output subsidy and lump-sum tax
read as
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1                r  g        <Lf#(P-1)-0s = -and T = |- (C.D
8-1 Le-1 -]g[B(a-1)(p-1)-1]

These are the equations given in the main text.

D. The blocked-entry model (N fixed).

This Appendix solves the model.linder the assumption that the number of firms is fixed
(equation (A.5) is replaced by N=N). The system of equations from which the solution can be
found consists of equations (A.3), (A.4), (A.D, (10) (combined with the definition for the rate of
growth), (16), andN=N. We can solve this system of six equations with six unknowns (g, r, L„
L„ LC, N).

The solution for the growth rate is

'f  -'f -  1':g--1)'
g =                                                       (D.1)

(p-1) 0-B+ 1
8-1

Combining the Ramsey rule and the fact that L,=r/f (see footnote 30), we can derive

L        18
--L +
N        f      (p -1)  f

Lx   =  P(P- 1) (D.2)
(p-1)122+1

8-1

Finally, we derive labour used in the consumption goods sector as

L         10

-                          IG - Lf +  P(P - 1)<
Lc = (1-p)N (p-1) (D.3)

8-1
(p - 1) E-B+1

8-1

Taking derivatives yields

BL,          2% < O;   -*, < O.-<0; (D.4)
aN aN aN

The optimum is found by putting dUo/dN equal to zero (see equation (35)) which results in
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N SB = (p(p-1)(0-1) -1)L

Ici -B) + B.ll'fc,-1,-41
(D.5)

Substituting this solution for the second best number of firms into equation (D.1) yields the
solution for the second best rate of growth

g. [         p         1_0[pp(a-1)(e-p)-p(0-1)(1-P)-(1-1 )1
g 511  = (g-1)   1 P(p-1)(a-1)-1)]    [        P(e-1)(P(P-1)(O-1)-1) 1 (D.6)

(S- )(p-1)+(g-1)

Finally, we compare the growth rate in the second best social optimum with the first best rate
of growth (equation (28)). This yields

(1-B)  - <4(p-1)  -20(0-1)[(p(e-B)-(1-B)1
g g  _ g FB = (D.7)

[P(p-1)(O-1) -1][(£-B)(p-1) + (e-1)]

Using the conditions p(p-1)>(e-1)>8/(fLF) and p(p-1)>1/(e-1)>0/(<LF), it is easily seen that the
growth rate in the SBSOis always lower than in the FBSO. Equation (D.1) gives the market rate
of growth as a function of the number of intermediate goods producers. Using the notion that
1%8=Nn=N  at the point q (see footnote 15), it is evident that  M=gSB at a=q. When returns to
diversity are relatively strong (c>q), growth in the market is larger than growth in the FBSO,
whereas the opposite holds if o<q. Using ag/aN < 0 (see equation (D.1)) and aN B/ao> 0. we
derive agss/ao < 0. Along the same procedure, it follows that egg/202 > 0.

E. Analysis of the model with spillovers

The first order conditions for the market solution with spillovers are obtained performing
dynamic optimization:

aH = O ·· D =
E  Wi

aL E-1 fi'
(E.1)

XI

according to which firms engage in mark-up pricing,

-aH    =   0      -      w,    =   q„e'lN f)« , (E.2)aL n
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showing that firms allocate R&D labour to this sector as long as the marginal benefits of doing
so exceed the marginal costs, and

&  + .aH  1         Phi     .    Pi' E -1 1      171'-/

p,«     ah,    -  EI + 4.,R-7- + afL"{ N,i;-J        .
r. (E.3)

which is the no arbitrage condition. The model is closed by imposing full employment labour
market equilibrium and imposing instantaneous profits in the intermediate goods sector (II) to
equal zero. Imposing symmetry andusing that'4/ qf= -g, we can then derive, by combining the
first-order conditions of firm behaviour that:

L    =   r + (1 -a)g     and    L    =  -_g
1                          r                                                            %.4)

 N P"  N ga

Combining these expressions with the Ramsey rule and the zero-profit condition results in
relation (40).

The solution to the following maximization program yields the allocation of labour and number
of firms that maximizes the utility of the representative agent:

H   =   -1- [IL-N(L,+L,+L,) -F N"fL, ]-p,qpN"Lf (E.5)
1-p L,

The First Order Conditions corresponding to this problem are

8H
-   =  0    -    (1 - )NLX   = PLc, (E.6)8L

X

aH (1_ 13    e"  T

R,+ - = BRI - Af+  1 + RftvpaL,= eqi· (E.D
J    af

BH Ci_PN
F = 0   -   ph  = 0-P)                                                                                 (E.8)

r                                                                LciN Baf
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aH L-L ]

-I° - (11<Ba-(1-B)--L-£ +qtl,t fLN'"' =O,                          CE.9)0N C

By substituting equations (E.6) and (E.8) into (E.9), we derive an expression for LC in terms of L,
L, and N. Substituting this expression and equation (E.6) into the equation for labour market
equilibrium, and using the knowledge accumulationequation (39) we derive a relation between
the growth rate and the number of firms:

pa         1 (0-1)          L _     1 +p(0-1)      L  gsTAT=gN
1 (E.10)[1+ (a-1)-ap N 1+ (a-1)-Ba fj

Using the dynamic equation for the shadow price (equation (E.7)) and substituting equation
(E.8) a second relation between the growth rate and the number of firms can be derived (based
on dynamic considerations, DYN):

Z,L=fNBal          1          (pl_0(1+P(O-1))1 ] (E.11)LB(p-l)(1+B(0-1))+aBB C  N      fNpa    J J

Deriving an explicit expression for the optimal rate of growth and the optimal number of firms
is only possible in special cases (for example in case,i=l/a). In general, non-linearities do not
allow us to derive explicit solutions and hence we rely on numerical techniques to analyse the
interaction between the parameters driving spillovers and the optimal rate of growth and
number of firms.

For the market similar expressions to (E.10) and (E.11) can be derived, but we need to use a
somewhat different solution strategy than is used in the main text. Combining the zero profit
conditionand the demand condition governing the allocation of labour between the two sectors
with labour market closure and the growth engine (equation (39)), yields a relation between
growth and the number of firms (based on static optimality conditions, STAT):

M -nit,aFF1-Ll
gsTAT-Yv      l e   N 1

(E.12)

A second relation between g and N based on the dynamic equation governing knowledge
accumulation (15) and the Ramsey rule yields:

g YN"MN-1 1 -B---1 (E.13)
<e-1  L    8  1 1

La+B(p-1) C  e   N  ' Npaj j
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Having established the solution for g and N (in implicit form) for both the First Best Social
Optimum and the market equilibrium, we can determine the curves in Figure 4 by a numerical
solution procedure. The procedure used to derive the curves in Figure 4 is as follows: the GG-
curve is found by solving for it such that the growth rate in the market equals the growth rate
in the first best optimum for each value of (1-a). Similarly, the NN-curve is found by solving for
B such that the number of firms in the market equals the number of firms in the First Best Social
Optimum for each value of 1-a. In the numerical experiment underlying Figure 4, the following
parameters values wereused: p=l,e=4.7, a=1.27, LrO.5. L=100, p=6,0=0.01, andf=0.006. Remark
that distortionary pricing is excluded by setting B equal to one and that the productivity effect
and the business stealing effect cancel as o=e/(e-1)=1.27.
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Sectoral Productivity Growth

and R&D Spillovers in the
Netherlands

Abstract'
This chapter assesses empirically whether R&D spillovers are important and whether they originate from
domestic or foreign activities. Data for eleven sectors are used to explain the impact of R&D on total factor
productivity. We distinguish R&D by the sector itself, by other Dutch sectors and by foreign sectors. We
find that both domestic and foreign R&D are significant for the Dutch economy. The elasticity of total
factor productivity with respectto R&D is approximately 37% for R&D by a sector, 15% for R&D by other
Dutch sectors and 3% for R&D by foreign sectors. Our findings suggest moreover that more R&D speeds
up the absorption of foreign technologies. Thus, even for a small open economy as the Netherlands,
investment in R&D is sensible as it both stimulates the adoption as well as generates spillovers.

 

This chapter is based on Jacobs, Nahuis and Tang (1999, 2000). Support and comments by Eric
Bartelsman are gratefully acknowledged. Furthermore the chapter benefited from suggestions by Arjan
Lejour, Theo van de Klundert Bart Verspagen, Henri van der Wiel and Hans Timmer.
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1. Introduction

Economic policy in the Netherlands aims to improve the economy structurally. For
example, labour-market institutions have beenreformed. Inaddition, emphasis isplaced
on growth-enhancingpolicies such asinvestmentin public infrastructure, educationand

training, and R&D. The success of the growth-enhancing policies is less obvious. The

larger part of public investment consists of infrastructure projects. Whether the return
on large-scale infrastructure projects is high or low is not easy to assess. Furthermore,
not muchresearchhas beendevoted to other potentially growth-promoting policies such
as public support for R&D investment. It is even far from clear what structural effects

more or less R&D expenditures have on the performance of the Dutch economy. Exactly
this is the central question in this chapter.

A general concern is that investment in innovative products and production
methods is too low in the Netherlands. Dutch R&D expenditures are low by
international standards. This is even true when is accounted for differences in the
sectoral structure. Table 1 compares sectoral R&D intensities in various countries. The
Netherlands has an internationally weak ranking in R&D-intensive sectors, such as
Chemicals and Metal. An exception is the strong position of the Netherlands in Food,

compared with competitors abroad. However, the overall impression is that Dutch
sectors are at the lower end of the distribution.

Comparatively low R&D investments, as such, do not vindicate the necessity to
stimulate R&D. Growth theories, however, express the concern for under-investment.1
These theories emphasize the externalities associated with R&D and suggest that public
policy should bring the private return of R&D in line with the social return, thereby
stimulating economic growth and raising welfare: These theoretical insights, together
with the observation that the Netherlands do comparatively little R&D, suggest that the
government should stimulate investment in new technologies.

1 See for example Romer (1990) and Grossman and Helpman (1991).

2 AS Chapters 7 and 8 show, it is not necessarily so that too little R&D is done.
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Table 1 R&D intensity in 1992 (R&D expenditure,% of value added)'

1/a M/ .8 1. %E M 2,         .9

fg=D I C E -2 2 gig
9 0 A C E= »  f
Z

Chemicals 8.6 8.3 13.2 10.4 11.7 15.7 4.8 10.4 9.2 8 6.4 -

Petroleum
Metal 4.6 6.2 5.6 10.9 6 9.7 3.7 5.6 4.6 7.1 3.9       -

Food 1.9 0.5 1.9 1.3 1.4 1.5 0.5 1.3 3 1.1 0.3        -

Textile 0.8 0.7 5 0.5 0.4 0.8 1 0.6 1.8 0.6         0           -

Wood 0.8 2.4 - 1.7 2.9 0.9 0.6 1.4 2.7 3.6 0.3        -

Public 0.2 - 1 0.2 1.6 - 1.3 0.2 2.4 1.5 0.8 0.5

Utilities
Other 0.1          - - - 0.5 - 0.6 0.8 0.2 0.1 0.2 0.3

Services
Construction 0.1 - 0.6 - 0.1 -          0 0.2 0.2 0.3 0    0.1

Paper 0.1 0.4 2.4 1.1 0.3 2.2 0.7 0.2 2.2 0.4         0           -

Sources: OECD; ISDB and ANBERD databases.

* See Section 4 for a detailed description of the sectors and data.

A sceptic, on the other hand, might argue that the gains from government interference
should not beoverestimated. Policies to stimulate R&D may very well runinto the usual

implementation problems. For example, governments may not want to subsidise R&D
across the board and thus face the problem how to select potentially successful projects.
Conceivably, instruments to promote R&D imply serious problems, eroding or even

dwarfing their potential gains. Another important issue is that the scope of R&D
spillovers is not necessarily national, but could very well be international. This seems

relevant for a small-open economy and especially for the Netherlands, where
multinational firms have a significant share in aggregate R&D expenditures. If domestic

R&D spills over mainly to foreign firms, it is no longer clear that promoting R&D is an
optimal policy.3

However, strong international spillovers do not imply that the public and the

private sector should just wait for things to happen. Economic policy may aim to speed
upthe assimilationof foreigntechnologies. A well-trained labour force may facilitate the
introduction of new products and new production technologies that have been
developed elsewhere. R&D mayhave a similarrole to play. The rate of economic growth

' See Leahy and Neary (1999) for a systematic analysis of national and international spillovers.
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may increase because R&D directly spurs the development of new products and new,
more efficient production methods. Increased R&D activities may also boost growth
indirectly, because these activities speed up the assimilation of already existing
technologies developed outside the domestic economy (see Cohen and Levinthal, 1989).

A clear-cut policy advice does not emerge from this discussion, but the empirical
questions are clear. First, what is the impact of domestic R&D expenditure on the
performance of the Dutch economy? Second, are spillovers important and are they
predominantly national or international?

This chapter assesses empirically the role of domestic and foreign R&D in the
process of technological change. It combines an analysis at a sectoral level, common in
theempiricalliterature, withthe approach emanatingfrom Coe and Helpman (1995). We
follow Coe and Helpman in examining international trade as a vehicle for the
transmission of spillovers. More specifically, data for eleven sectors are pooled to
estimate the impact on total factor productivity of R&D by a sector itself, by other Dutch
sectors and by foreign sectors. This allows us to answer the question whether
externalities are important in the process of economic growthand whether spillovers are
predominantly national or international.

We find thatboth domestic and foreignR&D are important for the Dutch economy.
The elasticity of totalfactor productivity withrespect to R&D is37% for R&Dby a sector,
15% for R&D by other Dutch sectors and 3% for R&D by foreign sectors. Our findings
also suggest that more R&D speeds up the absorption of foreign technologies.

Disaggregating the economy into manufacturing and services confirms these results. To
understand the low (at least in comparison to other findings) effect of foreign R&D it is
important to remark that we do not restrict ourselves to manufacturing but focus on the

aggregate economy. This, along with the fact that even an open economy as the
Netherlands is largely closed is - that is the non-tradeable sector is responsible for more
than half of GDP - makes international trade an understandably weak knowledge
transmission mechanism.

These results highlight that R&D is an important driving force for economic growth
and thereby support the perspective in the theoretical chapters before. The finding that
R&D serves to assimilate knowledge provides empirical support for the approach of

Chapters 3 and 7.
The rest of this chapter is organised as follows. The next section reviews and

discusses some of theearlierempirical studies. InSection3 we derive anempirical model
that builds on a theoretical framework. Section 4 gives an overview of the data and
characterises the sectors under consideration. The mainempirical findings are presented
in Section 5. The last section concludes and gives possible directions of future research.
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2. R&D spillovers

R&D is often considered one of the main determinants of economic growth. R&D aimed
at new or better products and production technologies boosts productivity in the sector

undertakingR&D but potentially also inothersectors. Hence, the benefits of R&Dinone
sector spill over to other sectors. These spillovers must be taken into account when
assessing the impact of R&D on sectoral productivity. The reason is that total factor

productivity is not only explained by own efforts, but also by investment in R&D
elsewhere.4

R&D spillovers might as discussed in the introduction, call for art active
government policy. Jones and Williams (1998) assess the size of the market failure, i.e.
thedifference between thesocial and private return onR&D investment. Accepting 30%
as a lower-bound estimate for the social rate of return, they claim that the United States
should quadruple expenditure on R&D (see Nadiri 1993 for an overview of estimated

returns).5 This conclusion is rather strong, perhaps too strong. It nevertheless shows that

growth theories seriously suggest an active role for governments: they should stimulate

R&D investment to spur the development of new technologies.
The literature is also concerned with the channels along which R&D raises

productivity. In this context Griliches (1979) distinguishes spillovers related to imperfect
appropriation of rents from R&D (and imperfect measurement of true prices by
statistical agencies) and 'real' knowledge spillovers. Spillovers of imperfect
appropriation are a result of the use of intermediate inputs. R&D activity of input
producers increases the quality of inputs. Input prices do not have to reflect quality
improvements fully. That is: the innovating sectors cannot fully appropriate the benefits
of its R&D activities. Upstream industries benefit from R&D effort by downstream
industries; rents of R&D spill over according to input-output (IC)) relations. We refer to
these spillovers in the remainder as rent spillovers. Accordingly, a measure for rent
spillovers can be constructed by weighting the R&D stocks of other sectors with the
intermediate deliveries by these sectors. The rationale for this procedure has been
explained and discussed before by, for example, Griliches and Lichtenberg (1984). Pure
knowledge spillovers are benefits of R&D activities of one firm that accrue to another.

More precisely, a sector's R&D enhances the effectiveness of other sector's R&D or

4 This discussion of the literature is sketchy and only intends to position the work this chapter. Recent
more comprehensive overviews are provided by Griliches (1992), Nadiri (1993) and Mohnen (1996).

'  The reported rate of return is a lower-bound estimate as externalities over time are usually ignored
(these turn out to be unambiguously positive).
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affects other sector's productivity directly. Knowledge spillovers can arise in many
different ways and are not necessarily a by-product of intermediate deliveries. For

example, a firmcan learn and increaseits productivity by observing efforts of other firms
- in the same or a different sector.

The degree to which R&D in a sector is relevant for other sectors depends on the
transmission mechanism. With respect to knowledge spillovers a so-called technology-
flow matrix is usually postulated. Technology flow matrices are sometimes constructed
from IO data (see Sakurai etal., 1997; Wolff, 199D. Somewhat confusingly, intermediate
deliveries among sectors are then vehicles for both knowledge and rent spillovers. More
often transmission matrices for knowledge spillovers are based on patent applications
or patent citations. Scherer (1982) originally proposed this approach. Several matrices
based on patent data exist such as the well-known'Yale' matrix (Van Meijl, 1995, and
Keller, 1997). Jaffe's (1986) approach of measuring technological distance is different as
he examines the distribution of technological activity of firms - patenting in different

categories - and assumes that firms with a similar distribution are important'suppliers'
of knowledge for each other. Technology flow approaches are presentin many variations
(Verspagen, 1997a, 1997b; Los and Verspagen, 1996). Los (199D compares different IO-
and patent-based matrices and finds littlevariation intheestimated long-runelasticities.6

Less extensive is the literature dealing with the question whether spillovers are
national or international in scope.7 Most influential is the paper by Coe and Helpman

(1995) that analyses international spillovers at a country level.8 They find substantial
technological spillovers among OECD countries. The elasticity of total factor

productivity with respect to foreign R&D, embodied intraded goods, is about 6%: Park

(1995) also examines country4evel data. Labour-productivity growth is explained by
domestic R&D and foreign R&D weighted by technological distance. The elasticity of

6  Keller uses an IO and technology-flow specification. The qualitative results are similar except for
domestic spillovers. The coefficient for domestic spillovers is considerably lower with a technology-flow
matrix.

7  Bernstein and Mohnen (1994) are among the exceptions. They use industry data but do notexamine
the role for national spillovers alongside international spillovers.

8  Lichtenberg and Pottelsberghe de la Potterie (1998) reexamine the estimated equations and the
construction of foreign R&D stocks, and Engelbrecht (1991 tests the robustness of the results by
introducing a human<apital variable and a catch-up factor. In lightofcritique on theseminal work ofCoe
and Helpman an importantresultof Engelbrechtis the robostness of the results to theestimation method.
Estimations in log difference yields similar and significant results to the estimation of the cointegrated
relations. Coe, Helpman and Hoffmeister (199D focus on global North-South knowledge spillovers.

9 In their preferred estimation - an estimation thatamplifies openness as a catalyser for spillovers - the
relevant elasticity for the Netherlands is approximately 15%.
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weighted foreign R&D is 17-18% compared to 11% for domestic R&D.10 Eaton and
Kortum (1996) examine the role of international spillovers in a slightly different
framework. They develop a theory to explain patent applications for a single invention
in different countries. Combining this theory with data on the number and the cost of

patent applications, they are able to distill the perceived probability that an un-patented
invention is imitated: the higher this probability, the more important are international
spillovers. Eaton and Kortum find a strong role for international spillovers. Jaffe et al.

(1993) analyse the geography of patent citations. In the United States patents are likely
to be cited by firms at a location close to the inventor's location. Across the border
citations are less likely than domestic citations. So, spillovers are found but seem
geographically bounded. Branstetter (1996) analyses spillovers between Japan and the
United States. Domestic and foreign R&D stocks are a weighted sum of R&D
expenditures of other firms, where the weights have been constructed on the basis of a
technological distance matrix. The main finding is that national spillovers overwhelm
international spillovers. Keller (1997) carries out a similar exercise for allOECDcountries
and applies an IO weighting scheme. R&D in the same sector abroad turns out to have
an equally strong effect on TFP as R&D carried out by the sector itself. In contrast to
Keller (199D, Verspagen (1997b) estimates production functions and constructs the

foreign R&D spillover stock differently. He finds roughly equal effects for foreign and
domestic spillovers.

A tentative summary of the findings in the literature is that intranational and
international spillovers are present but that they become less important with increasing
geographic distance.

3. A model of (international) spillovers

In this section we derive our regression model to analyse the relation between R&D and
sectoral productivity growth. We take into account Griliches' distinction between pure
knowledge and rent spillovers. Moreover, the sectoral model is amended to allow for
international spillovers in the spirit of Coe and Helpman.

10 park alSo compares public and private R&D, and he examines spillovers in research by examining
the effect of R&D spillovers on R&D spending. Foreign (public) R&D stimulates domestic R&D.
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Production (Y) of a sector (indexed i€{l,...,N}) displays constant returns to scale

with respect to primary and intermediate inputs together (X and W respectivelyll).

Moreover, production is a function of the technology level (A),

Y    -   A,(.) F, (X„  W ),      ij€{l, ···, N}, he{L, Q}.                                         (1)

Labour and capital are denoted by L and Q respectively. First-order conditions for the

optimal input choice can be manipulated (assuming competitive input and output
markets) to determine cost shares (c):

BF,   xh,         P hxhi--= ch„ i€{l,···,N}, h€{L, Q} ,
axhi Fi       Y,                                                                                   (2)
ap   W,      Pjwj,= - - s„ i,jE{l,···,Ar} ,
BWJ ,     Ft                    Y,

where the Fs are relative prices, with the output price as numeraire and L 4  + Sh ch, =
1. Taking logs and a first-order approximation for (1) gives,

A

Ay,  = aa, + r Ch,Arh, + c,Awl, +   r  S,Awj,,                                                  (3)
h                          j=14*i

where lowercase variables indicate a logarithm of the original variable, i.e. lnA = a. The
third termonthe right-hand side denotes intermediate deliveries of firmswithina sector

to other firms in that same sector.

The measured price indices for intermediate expenditure (P') deviate from ideal
price indices (P).12 Typically, the measured indices underestimate quality improvements
in intermediate inputs. We assume that intermediate expenditure (e) is measured
correctly, t= e. When deflating expenditures on intermediates the flow of real services

fromintermediate inputs is underestimated. The difference betweenproperly measured
and imputed services from intermediate inputs is:

Awj, - Aw,;  =  (Aej,-Api)   -    (Ae,7 -Apjo)  =  Apjo- Apj   -mj,                                                 (4)

" Remark that R&D expenditures - to be discussed later - are included in X, L and K, such that R&D
expenditures and perfect competition can be reconciled. Thus, what we measure is an excess return.

Alternatively, a model with imperfect competition, constant returns to non-R&D inputs and R&D
expenditures could be used.

12 The superscript o should be read as obserued.
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where m, is the measurement error. So, the imputed services underestimate the real
services if ideal price indices decline faster than the actual price indices (hence Aw11

#Aw„i,). Therefore also measured TFP (T) differs from actual TFP (A), due to erroneous
measurement of prices:

,\,

at, = Ay,-ck,A h'-ci,(Ae,I-Ap,e)- E S,(Aeq-AP,9
(5)X

= Aa,+c,Pli,+ 'Il cJP' 1 .
J=\J*i

The measurement error originates from the difficulty to assess quality improvements in
intermediate inputs. The degree of mismeasurement depends on a measure for quality
improvements. Such a measure for quality improvements is R&D activity in the
supplying industry. Theerrors are therefore approximated by the growthofR&D stocks

(R, the discounted sum of previous investments), mi = GAr, where 8 is the parameter

linking R&D efforts to quality improvements. Combining this with equation (5) yields,

\

At'=   Aa,   +   ec„A r,   +   6  Icj, Arj     .                                                                                                                  (6)
Jil,/.1

Hence, measured TFP growth in an industry is a function of actual TFP growth and
changes in R&D stocks in the own and other industries.

The exposition on the impact of R&D growth on TFP growth has several
implications. First, the effect of using inputs from sector i is similar for all sectors j (i *i).
There is perfect symmetry in rent spillovers. The results do not and should not change
when we divide the setof R&D stocks into two subsets according to origin, domestic and

foreign. Secondly, the expression for measured TFP growth logically suggests how to
construct variables to capture spillovers.

The growth rates of R&D stocks of other Dutch sectors U n) are weighted with the
intermediate deliveries by these sectors to create a sector-specific domestic R&D stock

(Rdj,

R,t -R,d,-, •r. RJ.t-R,5.,-1

2, 54,     R          '                                                                                       0
R  d _,
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c   is the share of intermediate inputs from sector j in total production of sector i. The
11

construction of the foreign stock R f, is similar:

RL- Ri,-1  - +  +  e  b    R#,-R*,1
Rf        f= ., 14, 4.1  Rkj,t.1   '                                    (8)

1,1-1

where 4 is the share of country k E {1,...,K} in total Dutch imports of goods produced by
sector j.13 Note that this is an approximation. The reason is that data for bi-lateral trade
do not distinguish between intermediate and final goods. Nor are imports of goods
distinguished by industry of use.

The construction of indirect R&D stocks based on weighted growth rates deserves
some elaboration. Weighting levels of the various R&D stocks is not appropriate for the
following reasons. First, by weighting these stocks, the changes in the weights also
matter. Hence, a shift towards inputs from a sector in a large country - with a large R&D
stock - would imply an increase in total factor productivity. This implication is
implausible. Changes in trade patterns should not necessarily imply significant changes
in productivity.14 Second, a weighting procedure based on levels of R&D stocks suffers
fromaserious aggregation bias. Lichtenberg and Van Pottelsberghe de la Potterie (1998)
point at this aggregation bias in the work of Coe and Helpman. 1heir solution to
eliminate the bias is only insensitive to aggregation under strong restrictions. Similarly,
in our approach this bias is absent if some (less stringent) restrictions apply. Both
solutions, however, share the feature that the aggregation bias is of minor importance
compared to that in the approach of Coe and Helpman.

Not only rent spillovers are transmitted through intermediate deliveries. It could
be that also pure knowledge spillovers are transmitted through the same channel.
Intermediate deliveries as a mechanism for the propagation of 'pure' knowledge
spillovers could be important for two reasons. First a firm can learn from examining the
products it buys. And, second, a firm can acquire new ideas and knowledge just by
communicating with the supplier. Therefore we believe that the growth rate of the
technology level is a function of R&D of suppliers, alongside own R&D. The latter

13 Remark that c„ here indicates again the share of intermediate inputs from sectorj in total production
of sector i, but now it is the sum of all imports from all foreign sectors j instead of the domestic sector j.

14 Chapter 11 discusses extensively that in theory one might argue that such a mechanism is plausible
but that in estimation one wants to avoid it as is relates to the fallacy of the statistical integration bais.
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assumption can be expressed in a more formal way as (for expository purposes we
ignore temporarily the distinction between domestic and foreign R&D stocks. Including
separate R&D stocks is straightforward):

N

Aa, = ci),Ar, +I WS,AT .                                               (9)
1=1

Substitution of this expression into equation (6) yields art expression for measured TFP

growth as a function of R&D activity and rent and knowledge spillovers; the latter two
cannot be separated however since 0 and ip are unknown:

N

At, = [e,+Ce+Wi)ci,]Ar + E (8+119cfibrj . (10)
1=14.i

For'own sector' R&D we do not try to distinguish between a direct effect intra-sectoral
rent spillovers or intra-sectoral knowledgespillovers effect so that [co+(0+41,)c„]=0. The
own R&D stock is an unweighted stock. This is a common feature of researchcarried out
in this field.

Rent spillovers are assumed, firstly, to be independent of the source (the supplier)
and, secondly, to be equally important for all receiving industries. Therefore, 8 has been
introduced withouta subscript. The strength of knowledge spillovers, however, depends
on the source; ip is introduced with a 'source' subscript.15 It is exactly this difference
between rent and knowledge spillovers that we can exploit. In the estimation procedure
that is to follow, we distinguish between a domestic and a foreign source of spillovers.
We assume for both rent and knowledge spillovers the same transmission mechanism,
therefore only a single domestic and a single foreign R&D stock is included. However,
since sectors equally benefit from the domestic and foreignrent spillovers, the difference
between the estimated coefficients can provide an indication for the relative importance
of the domestic versus the foreign'pure' knowledge source.16

A system of equations relating TFP to the different R&D stocks is estimated. On
basis of the discussion so far we can formulate the regression model in a formal way as:

15  Excluding a subscript for the receiving industry is not entirely obvious.

16  The size of the domestic and the foreign 'pure' knowledge spillover remains unknown, but it is
possible to find the most important source for knowledge spillovers.
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Tit = al + Bl,t,Dit + Bi.,4, + Bi,FF,1 + Eli
T21 - a2 + P2.DD21 + F2,1121 + B2.FF21 + 221                            (11)
Tit = ai + Bi.DDit + Bi.'I,1 + Bi.FF,t  + Eit,

where T, D, I, F stand for log levels of total factor productivity, the direct stock of R&D,
the indirect stock of domestic R&D, and the indirect foreign stock of R&D in sector i
respectively.17 An error term E is added for every sector i. A constant a, is added to
capture sector specific effects.  B, D,  Bil,  B, F  are the parameters  to be estimated.  The
interpretationof theparameters canbelinked to thetheoretical setup as follows: B, D = (P„

Bi., = 8+F. PIF = 8+4|k. where the subscript i denotes the own sector effect the subscript
j the other sector - indirect effect and the subscript k the foreign effect. Clearly,
differences in the latter two coefficients reflect the importance of knowledge spillovers.

The asymmetry of the receiving industries, suggested by introducing knowledge

spillovers, has also implications for the estimation procedure. Whereas symmetry
implies that we are allowed to pool our data, knowledge spillovers qualify this.

4. Characterisation of sectors and data

We examine 11 Dutch industries, of which 4 are service sectors and 7 manufacturing
sectors. For these industries we construct direct R&D stocks, indirect domestic R&D
stocks usinginput-outputdata, and indirect foreignR&D stocks combining input-output
data with bilateral trade data. This section discusses briefly our data sources and
characterises the eleven sectors.

4.1 Data sources

The data set used in this study consists of three main components: TFP growth rates,
R&D investment and intermediate deliveries.

TFP data have been constructed by Van der Wiel (199 D on the basis of the growth
accounting approach: growth of TFP equals growth of real value added corrected for

growth of quality-adjusted labour services and capital services.

17 The relation between Rf, and F, might need some elaboration. Note that the variable is denoted in
logarithms. From the growth rate constructed in equation (8) an index is created, and then log of this
index are taken.
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The OECD data set (ANBERD) contains R&D data for manufacturing. For the
service sectors in the Netherlands, the ANBERD data are supplemented with R&D data
from Netherlands Statistics (CBS). Business enterprise R&D expenditures are available
for 15 countries and 26 manufacturing industries.

For weighting Dutch R&D stocks we use input-output data from the CPB
Netherlands Bureau for Economic Policy Analysis according to a Dutch sectoral
classification (SBD. These IO tables are aggregated from the National Accounts 80x80 IO
data from Statistics Netherlands.

For weighting foreign R&D stocks we use bilateral trade data for manufacturing
on a sectoral level (STAN Bilateral Trade Database) provided by the OECD. For non-
manufacturing industries trade data are not available. Moreover, sectoralimport shares
cannot be computed for Construction, Communication and Public Utilities, since data
for these services are lacking or are a bunch of zeros. We therefore set the foreign R&D
stocks for service sectors equal to zero.

4.2 Industry characterisation

A more extensive overview of the data is provided in Appendix A. Here we highlight
only some features of the data for the eleven industries. The eleven industries are
subdivided into services and manufacturing. The latter are:

•       Food, beverages and tobacco (Food);
• Textile, wearing apparel and leather (Textile);

•        Wood, furniture and building material (Wood);
• Paper, paper products and printing (Paper);
• Petroleum refineries and miscellaneous products of petroleum and coal

(Petroleum);
•       Chemical and rubber products (Chemicals);
• Metal industries (Metal).

The latter two industries contain most of the so called'high-tech' industries (see Kusters

and Minne, 1992). In the service industries we distinguish:

•       Electricity, gas and water (Public utilities);
• Construction (Construction);
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• Communication services, sea, air and other transport and storage

(Communication);
•       Real estate exploitation, trade, banking, insurance and engineering, commercial,

social and health services (Other services).

During the period 1973-1992 all industries, except Petroleum as a consequence of the oil
crises, show positive TFP growth. Table 2 shows for the TFP index and the R&D stocks
the level in 1992 relative to the level of 1973. Sectors are ranked by R&D intensity. The
sector Communication, the sectors Food, Textile and Paper, and the 'high-tech'
industries - Metal and Chemical - experienced TFP growth rates above the unweighted
average (14%).

The relatively fast growing sectors are not the largest sectors in the economy. The
sector Other Services accounts for over 40% of value added in 1992, whereas the others

hardly account for 5% each. Note that a weighted average of openness - see Imports
column - would be considerably lower given the large weight of the Other Services
sector.18

Wehave alsoderived the sectoral R&D intensities asmeasured bytheshare of R&D
expenditures in value added. The highest R&D intensity is found in Chemicals: 12.4%
in 1992. Other R&D-intensive industries are Metal with an intensity of almost 5% and
Petroleum and Food with almost 2%.

18 The shares in total value added do not sum up to unity as agriculture, mining and the public sector
are excluded.
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Table 2 Sectoral statistics in 1992 (1973=1.0)
TFP Sectoral Domestic Foreign Value R&D Imports' Inter-mediate

Index R&D (R)  R&D (R")  R&D (R9  addedf Intensity' inputs'
Chemicals 1.54 6.19 1.34 1.64 2.5 12.4 30.9 38.6

Metal 1.33 5.00 1.36 1.54 5.7 4.9 28.0 34.9

Petroleum 0.89 2.00 1.08 1.03 1.3 1.9 51.6 13.6

Food 1.34 3.86 1.29 1.29 2.7 1.8 24.2 54.3

Textile 1.24 3.13 1.41 1.79 0.5 0.8 37.4 29.9

Communication 1.24 5.04 1.31 - 5.6 0.7 13.7 28.0

Wood 1.01 2.33 1.49 1.63 1.0 0.4 27.0 34.2

Public utilities 1.03 4.09 1.10 - 1.4 0.1 7.0 54.8

Other services 1.08 6.28 1.23 - 41.8 0.1 5.0 29.7

Paper 1.26 3.80 1.35 1.43 1.8 0.1 23.1 36.4

Construction 1.06 2.38 1.53 - 4.4 0.1 12.2 52.5

Average 1.14 4.01 1.32 1.48 2.1 23.6 37.0

Sources: R&D data are from ANBERD. The other data are provided by CPB The Netherlands Bureau for Economic Policy Analysis.
'  % of GDP, percentages do not sum to hundred since agriculture, mining and public sector are excluded.

t As a percentage of value added. The numbers differ from Table 1 as the production figures of the Chemicals industry do not
include the Petroleum sector.

' % of the industries gross production.

Between 1973 and 1992 the sectoral R&D stocks increased substantially everywhere. In
Chemicals, Communication and Other Services they increased with a factor 5 or even 6.
It is, however, important to note that even in 1992 the R&D intensity of the last two
sectors, Communication and Other Services, is very small (less than 1% of value added).
In the other industries the stock at least doubled.

Overall changes in the indirect domestic R&D stock are less dramatic. Increases

vary from only 8% in Petroleum to somewhat more than 50% in Construction. The more
moderate development here, compared to'own' R&D stocks can be traced back to the
fact that intermediate use as a share of gross production is usually less than 50% (see the
last column in Table 2).19 The fastest expansion in the indirect domestic R&D stock in
Construction is explained by, firstly, the fact that this sector uses a lot of intermediate
inputs and therefore potentially benefits a lot from others' R&D. Secondly, the
composition of the intermediate inputs is important. For example, Construction uses a

19 Here, intra-industry deliveries are included as well as deliveries by the sectors Mining and
Agriculture.
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large fraction of total inputs from Metal, an industry that had a fivefold increase in its
R&D stock. Moreover, supplies from Chemicals to Construction are also above average.

Changes over time in foreign indirect R&D stocks are somewhat more pronounced.
R&D-intensive industries - Metal and Chemicals - and Textiles have seen increases in

foreign R&D stocks of more than 50%. Not only the import intensity matters for these

constructed, sector-specific stocks but also the structure of demand for intermediate

(imported) inputs, trade patterns and every foreign R&D stock.

5. Empirical findings

The major findings are presented in this section. However, before turning to the results,
some econometric issues must be discussed.

5.1 Econometric issues

All data show a clear trend and therefore we seek to estimate equations that are

cointegrated. With cointegrated relations the estimated coefficients are consistent. Unit-
root tests have been carried out along tests for cointegration. Most variables are I(1).
Tests for co-integration remain inconclusive about cointegration in some regression

equations, but yields evidence in favour of cointegration in most aggregate estimations
for a sufficiently large number of lags. Theregression equations at the diaggregated level
withtheinteractionterms seem tobehighly cointegrated. Standard errors obtainedfrom

estimating equations with non-stationary data are only unbiased under very strong
assumptions. This requires cautious interpretation of the reported significance levels.

Jacobs, Nahuis and Tang (1999) are more elaborate on the tests for unit-roots and

cointegration.
We do a two-way fixed effects estimation. That is, we control for sectoral

heterogeneity by adding sectoral constants and we add time dummies to capture time-
specific effects.Capacity utilisation rates are included to correct for the business cycle.

Results for the case where parameters are restricted to be equal across sectors are
first presented and discussed. Next the cross-product of sectoral and foreign R&D is
included in the regression model to test the hypothesis that sectoral domestic R&D
facilitates the adoption of foreign technologies. Finally, the group of eleven sectors is

disaggregated into manufacturing and services to allow for differences between these

two broadly defined sectors.
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5.2 The aggregate model

The firstregressions wepresent are based onequation (11) with all parameters restricted
to be the same for each sector. Table 3 presents the estimates.

First weinclude theownR&D stocks only. We find a significant elasticity forown
R&D. Inclusion of the indirect R&D stock in column (ID does not alter this finding.
Column (II) gives support for the presence of domestic R&D spillovers. However, the
indirect effect is very high and it might partly pick up the (excluded) effect of foreign
R&D.

Column (III) is the basic regression result that will be used throughout the
remainder of this chapter. The elasticity of own R&D equals 37%. This elasticity is also
the elasticity of output with respect to R&D. Including the foreign R&D stock not only
reduces the estimated indirect effect of domestic R&D, but also demonstrates clearly that
foreign R&D spillovers are important. The domestic (1) and foreign (F) spillover terms

are positive and significant. The Dutch sectors clearly benefit from R&D activities at
home and abroad. Remember that the foreign R&D stock is relevant only for
manufacturing sectors.

Recall from the theoretical discussion above thatthis findinghastwo implications.
First knowledge spillovers are important (the difference between the estimated
coefficients indicates a lower bound for the role of knowledge spillovers).20 Second,

knowledge spillovers seem to depend on location and distance as domestic spillovers
clearly more important than foreign spillovers.

20  In Section 3 we showed that the difference between the estimated coefficients on indirect domestic
R&D and foreign R&D can be interpreted as the minimum role for pure knowledge spillovers. Given the
estimation results, this leads to the conclusion that knowledge spillovers overwhelm rent spillovers. This
conclusion, however, is not taken too far as the finding turns out not to be robust once we disaggregate
the economy, to which we will turn later.



258 Chapter 9

Table 3 OLS-estimation results aggregate model. Dependent variable is ln(TFP).t
Variable (I) Direct effect (Il) Direct + i,idirect effect (III) Base-run

D .309- .369- .363

(.048) (.03D (.032)

1                                                                - 1.80- .926-

(.15) (.18)

F                            -                                      -                                   .649

(.088)

W .54 .53 .65

N 220 220 220

F(sector- 10.1- 23.9- 13.0
constants=0)

F(time-
1.35 8.36- 9.51

dummies=0)

F(all coeff.=0) 7.81- 19.6- 26.4

t Sample period is 1973-1992,11 sectors. Sector-specific constants, time-dummies and capacity-utilisation rates are included.
Standard errorsaregiven in parentheses under the estimates. ', ",and

"'
denote statistical significance at the 10% level, the 5% level,

and  the 1 % level, respectively.

The results are robust with respect to changes in the depreciation rates. We have

analysed the effects on our estimates of reducing the depreciation rate of R&D
investments from 15% to 7.5%: the estimated coefficients change only little. We also
estimated the base-run with TFP figures based on gross production as explanatory
variables. The coefficients are then reduced but the qualitative results of the base run
remain unaffected. See Appendix C for these robustness tests.

Impact of spillovers
To compare the direct effects and the indirect effects of R&D, we compute output
elasticities, that is: an increase in sectoral TFP and output as a result of a 100% increase
in all sectoral R&D stocks. The coefficients for I and F, must be corrected for the
weighting schemes.21 Table 4 shows the calculated elasticities. We find the total output

21 The procedure for the indirect effect of domestic R&D on total output runs as follows. Firstly,
multiply all weights with the coefficient p to get a matrix with cross elasticities. These are the elasticities
of sector i's productivity with respect to sector j's R&D stock. Table B.1 in Appendix B gives these
elasticities. Secondly, sum over i, weighting with the share of each sector in total production to find the
indirect effect of R&D in sector j on total production in the Netherlands.
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elasticity to be 14.7%.22 Since the direct effect of R&D is characterised by an output
elasticity of 37%, the indirect effect of domestic R&D appears to be substantial. The
indirect effect is about half as powerful as the direct effect. This suggests that the social
gross rate of return on R&D is at least one-and-a-half times the private rate of return.23

Table 4 Elasticities of overall TFP with respect to
R&D in various sectors (%)'

Indirect effect Share in value
added

Chemicals 0.71 3.6

Metal 1.51 8.5

Petroleum 0.47 0.6

Food 0.84 4.0

Textile 0.13 0.7

Communication 2.71 9.2

Wood 0.66 1.5

Public utilities 0.90 2.1

Other services 4.32 60.6

Paper 1.28 2.7

Construction 1.19 6.5

Total elasticity 14.7

*The 1992 weights are used to calculate the elastiaties.

The results in Table 4 and Table B.1 in Appendix B partly reflect the structure of the
economy. The sector Other Services has a large impact on productivity in the other
sectors, simply because this sector is an important supplier of other sector's intermediate
inputs.24

22 The sum of the shares is equal to one; this assumes that the indirecteffect is on average the same for
the omitted sectors: agriculture. mining and the public sector.

23 It is not fully appropriate to talk about returns here as we estimate elasticities. An estimation that
approximates the returns to R&D is provided in Appendix C. This estimate suggestthat the social return
is even higher.

24 The counterpart of this observation is that sec:toral productivity is relatively sensitive to R&D
elsewhere if a sector intensively uses intermediate goods, see for example Construction (BO) and Wood
(HB) in Table B.1 in Appendix B.
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To gauge theeffect of foreign R&D a similar procedure mustbe applied.25 We find
the elasticity of total output with respect to foreign R&D to be somewhat less than 3%

(Table B.2 in Appendix B shows where exactly this number originates). This result
reinforces the conclusion that domestic spillovers are more important than international

spillovers. More boldly, the estimated effect of foreign R&D does not seem to vindicate
the idea that the Netherlands is too small to affect the pace of technical change and that
the Dutch potential to grow depends entirely on technical developments abroad.

This result however, needs some qualifications. That the output elasticity of foreign
R&D spillovers is only 2.8% is partly a result of the model specification. The regression
equations for manufacturing sectors include a measure for foreign R&D activities, but
the equation for the other sectors does not. The last group, non-tradeable services,
account for at least two-third of total production. One could argue that effect of foreign
R&D is underestimated, since foreign R&D does not feature in some equations.

An alternative perspective is then to consider only the effect of foreign R&D on
manufacturing output. Then, we find that the weighted average of output elasticities for

manufacturing sectors is considerably higher: 12.9% (the number reported in Table 5).
Nevertheless, even for manufacturing it is true that foreign R&D is less important than
domestic R&D. This conclusion is likely to hold a fortiori for non-tradeable services and
thus for the total economy.

25 First, multiply the weights with the estimated parameter and sum the resulting elasticities over
countries, to find the total effect on sectoral TFP of an increase in the sector-specific foreign R&D stock
(see Table B.2). Then, weight all sectoral elasticities with output shares to find the total output elasticity.
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Table 5 Elasticities of TFP in Dutch

manufacturing to R&D in various

countries (%)

Elasticity
Australia 0.01

Canada 0.11

Denmark 0.26

Spain 0.26

Finland 0.31

France 1.57

Germany 5.34

Italy 0.75

Japan 0.61

Norway 0.14

Sweden 0.54

U.K. 1.68

U.S.A. 0.35

Weighted elasticity 12.9

It is illustrative to look at the spillovers from different countries separately, as we do in
Table 5. Table 5 reports the elasticity of TFP in sector i with respect to R&D in country
k. It should not come as a surprise that the largest trading partners of the Netherlands
have the highest output elasticities. The foreign-country R&D elasticities largely reflect
the trade pattern, since intermediate deliveries form the basis of the weighting scheme.

Germany is the most dominant: the elasticity of manufacturing output with respect to
German R&D is 5.3%.

The analogous cross-industry effects are shown in Table 6. The most important

foreign sector forthe Dutcheconomy isMetal, followed by Chemicals. An100% increase
in R&D in Metal in the rest of the OECD leads to 5.4% increase of TFP in the Dutch

economy.
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Table 6 Elasticities of manufacturing TFP to R&D
in various foreign sectors (%)

Elastiaty
Chemicals 3.34

Wood 0.85

Metal 5.39

Petroleum 0.29

Paper 1.48

Textile 0.49

Food 1.08

Weighted elasticity 12.9

How do these findings compare to the findings in the literature? Nadiri (1993) reports
elasticities at the industry level of 6 to 42%. The elasticity for'own', sectoral R&D is at
the upper end of this range. Keller's (199D estimates are roughly in the same order of
magnitude as ours.26 In a comparable set-up, he finds for the direct effect a coefficient of
21%. Verspagen (1997b), on the other hand, finds an elasticity of 10%.

The finding that domestic spillovers are important - we find an elasticity of 15% -
confirmsresults found elsewhere, seee.g. Keller (1997) and Branstetter (1996). Verspagen
(1997b) finds for the domestic spillover elasticities between 2% and 9%. Nadiri's (1993)
overview reports findings ranging from 10% to 26% .

One of the main questions in the introduction is relative importance of domestic
versus foreign spillovers. So far domestic spillovers seem to overwhelm foreign
spillovers. Coe and Helpman find an elasticity of TFP to foreign R&D of 6-9%. This is
even lower than our finding of 12.9%. However, this comparison is not entirely correct.

First, the construction of the data differs, so that results are bound to differ as well.27

Second, the elasticities reported by Coe and Helpman apply to the total business sector,
whereas our finding of 12.9% applies to manufacturing only. Third, Coe and Helpman
experiment with different regression equations. In their preferred equation they allow
the level of imports to be reflected"properly" in the explanatory variables (see p. 863 of

a  In Keller (199D a multi<ountry, multi-sector model is estimated on the same OECD data for R&D.
The Netherlands, however, is not included. He constructs his own TFP index.

27  First, we weight growth rates of R&D stocks. The foreign R&D stock's growth rate is constructed
as, I(mA/)(AR/R,) where m, is the flow of imports from country k to the Netherlands and R denotes a
R&D stock. For expository purposes the sectoral dimension is ignored. From this growth rate an index
is made where after logs are taken. The comparable Coe and Helpman equation would use logIs,Rk,
where sk denote the import shares of the Netherlands which sum to unity.
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their paper for and elaboration of this point). In that case the elasticity of foreign R&D
for the Netherlands becomes slightly higher than 15%. This elasticity is higher than our
estimate for the manufacturing sector only! Whatever the interpretation, the results in
Coe and Helpman support the idea of strong international spillovers much more than
the results in this study do. Here, the finding that domestic spillovers are at least as

important as foreign spillovers, downplays the role of foreign R&D, also for a small,
open economy.

Absorptive R&D

In an extension of the model we test whether domestic R&D improves the capacity to
absorb ideas and technologies (Cohen and Levinthal, 1989). Introducing an interaction
term of R&D within a sector and R&D outside this sector is one way of doing this. Since
the idea is concerned with pure knowledge spillovers, we take the unweighted sum of
stocks as a measure for indirect domestic and foreign R&D. This has the advantage that
we are now able to construct a cross-term for the service sectors as well. Table 7 presents
the estimation results.

In the column labelled (IV) we have included the interaction between sectoral
R&D and total domestic R&D (D*I). The estimated coefficient for the interaction term is

significant and positive. In column (V) we included the interaction between sectoral and

foreign R&D (D*F). The estimate for the cross product is positive and significantly
different from zero.
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Table 7 OLS-estimation results aggregate model. Dependent variable is ln(TFP).t
Variable (HI) Base-nt,1 (IV)  Interaction with          (V)  Interaction  u,ith foreign

domestic RGD ReD

D .363- .140 .156

(.032) (.089) (.090)

I .926- 1.05- 1.04-

(.18) (.18) (.18)

F .649- .623- .626

(.088) (.08D (.088)

DN                               -                              .0251-

-                           (.0095)                           -
D *F                                                -                                                     -                                                   .00467-

-                            (.0019)
R  .65 .62 0.76

N 220 220 220

F(sector-constants=0) 13.0- 14.1* 13.9-

F(time-dummies=0) 9.51- 10.6- 10.44

F(all coeff.=0) 26.3- 26.4- 26.3-
t Sample period is 1973-1992,11 sectors. Sector-specific constants, time-dummies and capacity utilisation
rates are included. Standard errors are given in parentheses under the estimates. ', -, and

-

denote
statistical significance at the 10% level, the 5% level, and the 1 % level, respectively.

R&D investments within the Netherlands seem complementary. Moreover, R&D
investments in- and outside the Netherlands are complementary too. The return on
domestic R&D increases with foreign R&D efforts. Note that the size and significance of
the coefficient for own R&D drops.

Summary of findings
The elasticity of TFP with respect to own R&D is about 37% in all estimations without
interaction effects. Theindirecteffectof domestic R&D isimportant theelasticity is 15%.
The effect of foreign R&D is significant, but seems to be less important than domestic
R&D because the aggregate TFP elasticity is only 2.8%. Domestic spillovers dominate
foreign spillovers. We also find evidence for the suggestion that domestic R&D
accelerates the adoptionofboth other domestic as well as foreignideas and technologies.
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5.3 A disaggregated model

A next step is to examine the role of domestic and foreign R&D at a more disaggregated
level. The constraint that all parameters are equal for each sector, might be too
restrictive. The sectors are therefore divided into two subsets, namely manufacturing
and services. Table 8 presents the estimation results.

Table 8 OISestimation results Manufacturing versus Services. Dependent variable is In (TFP).1

Variable (I) Direct only (II) Direct + indirect (III) Base-run (IV) Separate D F and

effects                                                IF

D„, .331- .387- .366- .423"'

(.049) (.035) (.032) (.035)

1.15- .799- -.00564
- (.15) (.18) (0.41)

F„,                                                -                      .632-

-                         -                       (.10)                       -

DF„,                                               -                         -                       .846-

-                       (.20)
IF„                                                                                                  2.14

-                                                    -                       (.62)
D, .407-- .155' .111 .216-

(.065) (.08D (.080) (.092)

4                      - 3.03- 3.01- 2.96

- (.29) (.27) (0.26)
R  .58 .61 .68                 .74

N 220 220 220 220

F(sector-

constants=0)
8.4- 17.3- 10.1- 9.9-

F(time-
1.6- 8.4- 9.3- 6.9-

dummies=0)

F(all coeff.=0) 7.8- 23.0- 28.3- 27.9
t Sample period is 1973-1992, 11 sectors. Sector-speafic constants, time-dummies and capaaty utilisation rates are included.
Standard errors are given in parentheses under Othe estimates. ; -, and

-

denote statistical significance at the 10% level, the 5%  level,
and the 1 % level, respectively.

In column (D we include D only. Subscripts m and s stand for manufacturing and
services respectively. Surprisingly, own R&D is more potent in services (D,) than in
manufacturing (DJ. Including the domestic R&D-spillovers stocks (I„, and I,), however,
reverses this odd result again. The estimates for the direct effect of R&D are now lower,
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and insignificant in services. The effect of the domestic R&D stock for manufacturing is
againlarge. Foreign R&D (F„,), column (IID is only relevant for the manufacturingsectors
- the foreign variable F„, is identical with F in the aggregate table. The coefficient for

foreign R&D equals that in de aggregate estimations. The effects of indirect R&D are
lower for manufacturing than in services.

Comparing the coefficients for indirect domestic R&D and foreignR&D (in
column (III)) learns that the difference for manufacturing is smaller than the difference

fortheaggregate economy (seecolumn (III) in Table 3). Hence anyconclusion ontherole
for knowledge versus rent spillovers is hazardous.

Inside and outside R&D
Column (IV) refinesthe analysisof foreign R&D spillovers inmanufacturing. Knowledge
spillovers are perhaps more important among firms in a similar branch than among
firms belonging to different sectors and producing different goods. To see whether the

data supportthis idea we separate R&D investment by similar sectors abroad from R&D
investment in other foreign sectors. Consider for example the sector Chemicals. This
sector has an 'own' foreign R&D stock - R&D performed by similar sectors abroad

weighted by data for the totalimport of chemicals and the bilateral trade pattern in this
sector. This implies that the industry's non-diagonal elements of the imported inputs
matrix are set to zero. Furthermore, Chemicals has an'other' foreign R&D stock - R&D

performed by different sectors abroad weighted by data for all non<hemical imported
inputs by the Chemicals industry. To construct this stock, the diagonal elements of the

imported inputs matrix are set to zero.

Surprisingly, the coefficient for 'own' sector foreign R&D (DF in column IV) is
about three times lower for than the coefficient for'other' sector foreign R&D (IF). The
coefficient for'own' sector foreign R&D is comparable to Keller's (199 D· If we keep in
mind that the share of'own' sector imports is about three times as high as'other' sector

imports, the total impact of both R&D activities is approximately the same.

Absorptive R&D

Analogous to the estimations at the most aggregate level we include interaction terms
for R&D inside and outside a sector, where 'outside' may refer to R&D in the
Netherlands or to R&D in foreign countries. Table 9 presents the effects for absorptive
R&D.
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Table 9 OISestimation results Manufacturing versus Services. Dependent variable is ln(TFP).t
Variable (III) Base-run (IU Interaction witli domestic (v)  interaction witliforeign

R&D RGD

D„, .366- .194" .201"

(.032) (.091) (.091)

4, .799- .948- .945-

(.18) (.20) (.20)

F,, .632- .600-' .598-

(.10) (.10) (.10)

D „,*I„, .0198

-                               (.0099)                                 -
D„,*F™                   -                                -                               .00383'

-                                  -                                 (.0020)

D, .111 -.0367 -.039

(.080) (.15) (.15)

4 3.01- 2.94- 2.96

(.27) (.27) (.2D

Ds*Is 0.651'

-                               (0.069)                                 -

D,*F,                                                          -                                  .00446

-                                  -                                 (.0030)
R  .68 .65 .65

N 220 220 220

F(sector-

constants=0)
10.1- 10.1- 10.0

F(time- 9.3- 9.5- 9.4-
dummies=0)

F(all coeff.=0) 28.3- 26.6- 26.6-
t Sample period is 1973-1992, 11 sectors. Sector-specific constants, time-dummies and capacity utilisation rates are included.
Standard errorsare given in parentheses under Othe estimates., -, and

-
denote statistical sigruficance at the 10% level, the5% level,

and the 1 % level, respectively.

The interaction term for sectoral R&D and other domestic R&D, in column (IV), is
weakly significant and positive for services and manufacturing. With regard to the
interaction term for'own' and foreign R&D, only for manufacturing the coefficient for
the cross term is positive and significant.
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Summary of findings
Table 8 confirms the results of the base-run. An important difference is that the indirect
effect of domestic R&D is lower for manufacturing then for services. We find again
support in the disaggregated estimations for idea that R&D helps to absorb foreign
knowledge. The effect of'own' R&D on absorption of domestic and foreign knowledge
is important for manufacturing. For services, there does not seem to be a stable direct
effect of R&D but only a strong effect of 'own' R&D on the adoption of domestic
knowledge spillovers.

6. Conclusions and possible extensions

Is domestic or foreign R&D the driving force behind productivity growth? That is the
central question in this chapter. If spillovers are predominantly international policy
mightoptimally be aimed at assimilating foreign technologiesrather than at stimulating
domestic investment in R&D. If spillovers are predominantly (intra)national, the
Netherlands mighttakeseriously the'advice' fromJones and Williams (1998) who argue
that in view of the estimated social return on R&D, the Unites States should quadruple
R&D efforts. Our evidence supports both ideas. Both domestic R&D as well as foreign
R&D have a positive impact on productivity growth in the Netherlands. The domestic
source for spillovers is relatively strong though.

The elasticity of total factor productivity with respect to R&D is 37% for R&D by
a sector, 15% for R&D by other Dutch sectors and almost 3% for R&D by foreign sectors.

Our findings also suggest that more R&D speeds up adoption of foreign technologies.
Splitting up the economy learns that for manufacturing the results are confirmed. For
services, 'own' R&D seems largely effective on the adoption of domestic knowledge
spillovers, not directly.

The next two chapters build, to some extent on the work in this chapter. We
introduce an applied general equilibrium model in the next chapter. In that model an
equation explaining TFPbyR&D stocks isintroduced; see Chapterll. Inthatchapter we
take a global perspective instead of thecountry perspective takenhere. Therefore, we re-
examine the data on a higher aggregation level but do that in less dept as here. We will,
however, by using an AGE model, be able to'think through' fully the consequences of
IO- and trade-related R&D spillovers.
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Appendices

A. Data

Van der Wiel (199D constructed the TFP figures. The Jorgenson growth accounting approach
is used: TFP growth is constructed as value added corrected for weighted labour services and
capital services. The weights are average (Divisia) nominal income shares. Labour services are
(contract) hours worked. The labour services are adjusted for quality by weighting changes in
thecomposition ofcharacteristicsofworkers. Thecharacteristics of workers are related to quality
by estimating an equation with wages (as a proxy for quality) as dependent variable on worker
characteristics.

The R&D data are from the OECD (ANBERD), supplemented with data from
Netherlands Statistics (CBS) for theCommunicationindustry in the Netherlands. The maximum
time period covered is 1973 to 1995 (we use: 1973-1992). The business enterprise R&D
expenditures are available for 15 Countries and 26 manufacturing industries and five service
sector industries. The CBS data have been downloaded from (http:// statline.cbs.nl /witch /etc
/scratch /531924634 /6376r_dOO.html) on 25-6-97. The Statistics Netherlands data for 1988 have
been interpolated as huge outliers were found for some industries. The Statistics Netherlands
(CBS) data - available as expenditure in guilders - have been transformed in constant dollars
using the GDPPPP indicator fromSTANbilateral trade data. The CBS data, for which ANBERD
data are available, turn out to correspond very well using the imperfect PPP measure.

The R&D stocks (R) are constructed as a perpetual inventory of the flow of R&D
investments (RD). The first data point constructed as,

RD
R,4=,0,                                                                                                             (A.1)A+g

where g is the average growth rate of the R&D investments and A is the depreciation rate. The
subsequent stocks are constructed as follows,

t=r

R,=I RD,-AR (A.2)t-1 '
t-1

Nadiri and Prucha (1993) estimate the depreciation rate to be 0.12. Pakes and Schankerman
(1984) find a rate of 0.25. The depreciation rate we apply equals 15%, and is the same as in Coe
and Helpman (1995) appendix B, Branstetter (1996) and Los and Verspagen (1996).

The Dutch input-output data are from the CPB Netherlands Bureau for Economic Policy
Analysis in the SBI (used for the Athena model). The data are without structural changes in
definitions. The IO tables are aggregated from the National Accounts 80x80 IO data from
Statistics Netherlands (CBS).

Capacity utilisation rates are from the CPB Netherlands Bureau for Economic Policy
Analysis in the SBI (used for the Athena model). The other services sector is proxied by the
construction sector.
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Bilateral trade data for manufacturing on a sectoral level from STAN Bilateral Trade
Database (OECD) are available for Australia, Canada, Denmark, Finland, France, Federal
Republic of Germany, Ireland, Italy, Japan, The Netherlands, New Zealand, Norway, Portugal,
Spain, Sweden, The United Kingdom and The United States. The available length of the time
series is 1970 to 1992 (we use: 1973-1992). Data for Ireland, New Zealand, Portugal are not used.

To aggregate the ANBERD data, STAN Bilateral Trade Database, CPB IO data, a
concordance is used, which is available upon request from the authors.

Table A.1 R&D stock growth 1973-1992

Construc- Chemi- Commun Other Wood Metal Utility Petro- Paper Textile Food
hon cals ication Service leum

Australia 4.4 3.1 6.2 12.6 8.3 47 5.3

Canada 9.8 8.0 13.8 61.9        6.1 7.6 10.2 6.6 6.2 9.4 4.6

Denmark 8.3 4.1 8.2 7.2 5.4 8.3

Spain 10.0 4.0 119 5.3 6.2 10.1 14.2

Finland 13.0 115 23.0 18.7 8.4 10.6 30.3 9.0 57 5.8 11.9

France 7.0 4.4 5.8 3.4 4.1 23 9.4

Germany 6.0 13.3 7.8 6.5 10.8 5.6 10.7

italy 0.4 6.7 8.0 10.8 12.9 9.5 7.5 9.5 1.0 19.2 11.0

japan 8.5 8.9 0.8 11.8 10.8 9.9 4.1 6.0 9.5

Netherlands 2.4 6.2 5.0 6.3 13 5.0 4.1 2.0 3.8        3.1      3.9

Norway 2.3 11.2 7.6 20.9 5.6 77 10.5 11.1 4.8 3.6 6.4

Sweden 11.7 3.1 6.5 27 6.1 3.7 5.1

UK 7.0 1.9 3.2 2.9 2.9 0.5 2.8

USA 6.6 3.7 4.8 5.3 6.4 5.0 58.0

Table A.2Correlation matrix
P                D               I                 F                RF              IF D*1 D*F INT      B

P                 1.00

D 0.62 1.00

1 0.63 0.72 1.00

F 0.67 0.56 0.92 1.00

RF 0.68 0.56 0.91 0.99 1.00

IF 0.58 0.50 0.86 0.93 0.86 1.00

Di 0.58 0.95 0.75 0.59 0.59 0.54 1.00

D*F 0.58 0.96 0.74 0.58 0.58 0.53 1.00 1.00

INT 0.06 0.17 -0.13 0.04 0.06 0.01 0.10 0.11 1.00

B 0.54 0.25 0.38 0.33 0.33 0.30 0.25 0.24 -0.35 1.00
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B. Estimated elasticities

Table B.1 Elasticities of TFP in sector i to R&D in sector 1 (96)

BO CR CT DT HB ME ON OR PG TK VG Elastiaty

Construction (BO) 0.56 3.01 1.32 1.01 0.49 0.18 0.20 0.56 0.33 0.23 1.19

Chemicals (CR) 1.32 0.09 0.59 2.28 1.51 0.32 0.18 1.11 3.71 0.84 0.71

Communication (Cr) 0.50 0.60 4.15 0.54 0.65 0.63 0.33 1.69 0.51 0.28 171

Other services (DT)   10.94   11.83 10.20 15.65 13.13 3.47 4.48 10.85 11.24 10.64 4.32

Wood (HB) 7.12 0.36 0.06 0.21 0.30 0.01 0.20 0.37 0.66

Metal (ME) 6.05 1.32 1.71 1.29 1.46 1.96 0.53 0.80 1.50 0.81 1.51

Public utilities (ON) 0.20 1.73 0.77 0.90 1.94 1.29 0.31 0.84 1.12 0.96 0.90

Petroleum (OR) 0.47 2.51 1.96 0.20 0.43 0.33 0.31 0.14 0.20 0.12 0.47

Paper (PC;) 0.12 1.26 0.64 1.67 0.82 0.57 0.15 0.15 0.78 2.07 1.28

Textile OK) 0.02 0.08 0.05 0.17 0.24 0.08 0.01 0.05 0.01 0.13

Food (VG) 0.03 0.55 0.20 1.30 0.01 0.21 0.74 0.84

I 26.76 20.81 18.69 11.80 24.35 18.36 7.02 6.21 16.43 20.14 16.32

Share in Yt 6.54 3.61 9.23 60.57 1.46 8.54 2.11 0.63 2.66 0.68 3.98 100.00

Weighted elasticity 1.75 0.75 1.72 7.15 0.35 1.57 0.15 0.04 0.44 0.14 0.65 14.71

t Shares sum to one.
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Table B.2 Elastiaties of TFP in sector i to R&D in country k'
CR HB ME OR PG TK VG Elasticity

Australia 0.03 0.01 0.01 0.00 0.00 0.02 0.02 0.01

Canada 0.11 0.12 0.12 0.01 0.19 0.07 0.06 0.11

Denmark 0.36 0.35 0.25 0.03 0.15 0.48 0.23 0.26

Spain 0.36 0.26 0.28 0.03 0.15 0.35 0.21 0.26

Finland 0.26 0.50 0.13 0.03 1.29 0.12 0.10 0.31

France 129 1.51 1.53 0.09 1.29 111 1.34 1.57

Germany 6.09 6.67 5.85 0.28 4.81 9.79 3.47 5.34

Italy 0.81 1.24 0.78 0.06 0.43 2.66 0.46 0.75

Japan 0.62 0.37 1.05 0.02 0.18 0.44 0.12 0.61

Norway 0.20 0.16 0.13 0.03 0.27 0.07 0.04 0.14

Sweden 0.43 0.75 0.54 0.03 1.32 0.30 0.14 0.54

U.K. 155 1.27 1.91 0.21 1.32 2.23 0.94 1.68

USA. 1.81 0.95 1.70 0.08 0.99 1.19 0.78 1.35

I 15.91 14.18 14.28 0.91 1138 19.80 7.91

Share in 16.80 6.80 39.60 2.90 12.30 3.10 18.50 100.00

manufacturing'

Weighted elasticity 2.67 0.96 5.66 0.03 1.52 0.61 1.46 12.92

manufacturing

Share in total value 3.60 1.50 8.50 0.60 170 0.70 4.00 12.92

added

Weighted elasticity 0.57 0.21 1.21 0.01 0.33 0.14 0.32 2.79

' Shares sum to one,

* BO = Construction, CR = Chemicals, CT = Communication, DT = Other services. HB = Wood, ME = Metal, ON = Public utility,
OR = Petroleum, PG = Paper, TK = Textile

Table B.3 Elasticities of TFP in sector i to R&D in sector j (global)

CR HB ME OR PG TK VG Elastiaty

Chemicals (CR) 1170 2.39 1.25 0.12 1.57 6.18 0.85 3.34

Wood (HB) 0.21 8.91 0.43 0.01 0.09 0.00 0.17 0.85

Metal (ME) 0.73 1.95 12.37 0.23 0.49 1.06 0.73 5.39

Petroleum (OR) 1.52 0.01 0.05 0.54 0.02 0.00 0.01 0.29

Paper (PG) 0.47 0.13 0.10 0.01 10.10 0.14 0.55 1.48

Textile (TK) 0.08 0.80 0.08 0.01 0.06 1125 0.03 0.49

Food (VG) 0.21 0.00 0.00 0.00 0.05 0.18 5.57 1.08

I 15.92 14.18 14.28 0.91 1138 19.80 7.91

Share ' 16.80 6.80 39.60 2.90 12.30 3.10 18.50

Share in Y 2.67 0.96 5.66 0.03 1.52 0.61 1.46

Weighted elasticity 3.60 1.50 8.50 0.60 2.70 0.70 4.00 12.92

0.57 0.21 1.21 0.01 0.33 0.14 0.32 2.79

t Shares sum to one



Sectoral Productivity Growth and R&D Spillovers in the Netherlands 273

C. Robustness

Table C.1 OISestimation results auxiliary regressions aggregate model. Dependent variable is
ln(TFP).t

Variable (I)  Depreciation 7.5% (II) TFP Gross production (III) Return
D .390- .113- .220-

(.032) (.014) (.039)
I .963- .292- 1.10

(.1D (.075) (.22)
F .649- .199- .334

(.08D (.037) (.121)
R  .65 .22 .55

N 220 220 220

F(sector-
constants=0)

14.2- 60.0- 21.3-

F(time- 10.9- 4.64- 3.26-
dummies=0)

F(all coeff.=0) 28.4- 21.5- 16.1-

tSample period is 1973-1992,11 sectors. Sector-specific constants, time-dummies and capacity utilisation
rates are included. Standard errors are given in parentheses under the estimates., ; and

"
denote

statistical significance at the 10% level, the 5% level, and the 1 % level, respectively.

Note that return estimates are obtained by pre-multiplying the direct stocks with the average sectoral
R&D intensity over the time period.
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Economic Development and
Trade in the World Economy

Introducing WorldScan

Abstract
Trade with emerging economies may depress wages of unskilled workers in rich countries. This problem
is discussed extensively in the recent years. This chapter contributes to that discussion by applying a
calibrated model of the world economy (WorldScan) from CPB Netherlands Bureau for Economic Policy
Analysis. As appears from a counterfactual analysis trade with developing countries could explain about
half of the increase in skill premium observed in some developed economies. Growth in emerging
economies is often driven by capital accumulation. The Heckscher-Ohlin theory predicts what may
happen in a model with many countries and many goods. However, thattheory is based on a number of
simplifying assumptions. It remains to be seen if the results are robust if the problem of capital
accumulation is analysed in the context of WorldScan.

' This chapter is a reprint from Van de Klundert and Nahuis (1998). I am indebted to Arjen Gielen for
assistance with the research and to an anonymous referee for helpful comments. I thank the CPB
Netherlands Bureau for Economic Policy Analysis for letting me use the WorldScan model for the
simulation exercises.
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1. Introduction

One of the remarkable features in the world economy is the high growth rate of
emerging Asian economies in the recent past. These growth rates may be explained as
acatching-up phenomenon. In this view theemergingeconomies are imitatingatarapid
pace the technological achievements of developed countries. This explanation is not
unchallenged as critics have argued that rapid growth in a number of Asian economies
is the resultofexorbitanthigh savingsratios. Therelative impact ofcapital accumulation
and other determinants of economic growth can be assessed by applying the familiar
method of growth accounting. It can then be shown that for some emerging countries
factor accumulationleaves littleroom for (total) productivity improvement (forexample

Young, 1994; Kim and Lau, 1994).
The question has been raised whether the high growth rates of emerging

economies form a threat to developed economies. The developments in the latter group
of countrieshavebeencharacterised by a deterioration of thepositionof unskilled labour

(specifically in the USA) or by structural unemployment with poor perspectives for
unskilled labour (predominantly in Europe) over the past decade. It is not entirely clear
what the reasons are for this malfunctioning of developed economies. Some economists
blame technological change, which may be biased towards unskilled labour savings (for
example Krugman and Lawrence, 1994). Others think that competition from low wage
countries goes far in explaining the economic problems of Europe and America (for
example Learner, 1996a; Wood, 1994). And there are authors holding a middle position
(for example Freeman, 1995).

The discussion on the impact of international trade is mostly cast in terms of the
standard Heckscher-Ohlin model with two factors of production, two sectors and two
countries. In this chapter we intend to discuss the issue in a broader perspective by
applying a calibrated model for the world economy with 4 regions, 8 sectors and three

production factors. The model called WorldScan is developed at the CPB Netherlands
Bureau for Economic Policy Analysis: As a stepping stone to that analysis we first
considerextensions of the Hecl<scher-Ohlin frameworkproposedby Learner (1987,1995)
and by Learner and Lundborg (1995). The authors study the impact of the accumulation
of physical and human capital in a model with homogenous goods and a number of
countries with different factor endowments. It is shown that developed countries which
are fglling behind with respect to the accumulation of human and physical capital face

'
For a description of the model see Geurts, et at. (1995)
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severe competition from two sides. Emerging countries are gaining in the relatively
labour-intensive or moderately capital-intensive sectors, while competing developed
countries may become stronger in capital-intensive sectors or sectors using relatively
much human capital.

Accumulation of physical capital in developing regions leads in WorldScan to
similar results with respect to skill premiums as in the Learner model. This is reassuring
at first sight. However, the route towards this result differs considerably inboth models.
What this shows is that simple models may lead readers astray by neglecting crucial
elements in order to convey a clear-cut message. In complex matters one has to rely on
complex models. This is the main motivation for the present chapter, which is organized
along the following lines.

The Learner model is discussed in Section 2. Applying an ingenious graphical
device, developed in Learner (198D, Rybczynski effects of capital accumulation in several

regions are derived. Taking into account that massive capital accumulation also results
in a relative price change of capital intensive goods, the accompanying Stolper-
Samuelson effects are derived. These effects show to what extent wages of unskilled
workers in rich countries are threatened by developments elsewhere in the world.
Section 3 is devoted to WorldScan. The main characteristics of the model are explained
in Section3.1. The reference path whichis applied in numerical experiments is presented
in Section 3.2. As a first experiment we consider what would happen to other regions if
the developing region is cut off. The implications of this counterfactual analysis, which
show to what extent changes in skill premiums may be the result of international trade,
are discussed in Section3.3. In the second experiment presented in Section3.4, emphasis
lies on the impact of growth in developing regions. More precisely the experiment gives
the results of an increase in savings in the Non-OECD region. Section 4 closes by

summing up main results.

2. Factor accumulation and changing patterns of specialization

Inthe Heckscher-Ohlin trade modelitis shown in what way domestic production factors
are allocated across sectors producing tradeable commodities. The theory does not
explain growth, but may be applied in a dynamic context by introducing exogenous
factor accumulation. There is no specific role for technological change, because it is
assumed that technological knowledge is the same in every region of the world. What
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distinguishes regions from each other is relative factor availability and the production
mix which results from the optimal allocation of these factors of production.

The theory can be applied for any number of factors, commodities and regions,
but should be kept manageable by restricting the number of factors. As shown by
Learner (1987), astylized model with three factors and amoderate number of sectors and

regions can be conveniently analyzed by applying an ingenious graphical device. The
three factors introduced here are labour, human capital and physical capital. The two
types of capital can be accumulated over time. In accordance with the view of Kim and

Lau (1994) it will be assumed that the Asian region catches up by strongly investing in
physical capital. This leads to change in the production pattern of the economy towards
more capital-intensive goods. Europe, America and Japan ought to give up market share

in these sectors and may expand production in human capital intensive sectors, or in
sectors with a very strong capital intensity. However, for this to happen these regions
have to accumulate sufficient human and physical capital. As a consequence, Europe,
America and Japan have to compete in the more advanced sectors in order to escape

competition from Asia and other emerging economies in the world. There may be
winners and losers in this respect. A region or country in the developed world may be
unable to deal with increased competition from all sides and may be forced to specialize
in moderately capital-intensive goods. Learner and Lundborg (1995) refer to this

possibility in what they term the Heckscher-Ohlin Crowding Hypothesis, which is

applied in their paper to the recent malaise of the Swedish economy. In Learner (1996a)
the same model is applied to analyze the position of unskilled workers in America.

To illustrate the problems connected with the rise of emerging economies we
follow Learner and Lundborg by distinguishing besides the three factors of production
(labour, human capital and physical capital) five sectors of production which differ with
respect to factor intensity and correspond to broadly defined aggregates of two-digit
industries. To account for global developments we distinguishcompetition amonglarge
regions in the developed world (Europe, America and Japan) onthe one hand and Asia
as representing emerging economies on the other hand.

The initial position of the regions with respect to relative factor availability can
be shown in an endowment triangle following Learner (1987, p. 963): "In the three-
dimension factor space, straight lines emanating from the origin contain all endowment
vectors with the same ratio of factors. These lines in three dimensionscanbe represented
by points in two dimensions by intersecting the positive orthant with a plane to form the
endowment triangle. The three coordinate axes in the three-dimensional factor space are

represented by the corners of an endowment triangle, and the endowment vectors of
each of thecountries are represented by points". InFigurel such anendowmenttriangle
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is presented indicating roughly relative factors availabilities around 1960. It should be
observed that a point close to a vertex implies that the corresponding factor is relatively
abundant. America has the most advanced economy in terms of human and physical
capital. Japan and to a lesser extent Europe fall behind. Asia has a large amount of labour

in comparison to human and physical capital. The example is so constructed that a line
from the labour vertex through the endowment point of Europe also hits the endowment

point of America.

Human Capital

:':

/1
/

//2,
1

1
'       . Jap

Asia

Labour Capital

Figure 1. Endowment triangle

This implies that human capital and physical capital are available in the same ratio in
both regions, but Europe has relatively more unskilled labour in the initial situation.

The sectors of production comprise a labour-intensive product LAB (furniture,
apparel and the like), a moderately physical capital-intensive product CAP (including
among others textile, iron and steel, leather), a strongly physical capital-intensive
product called machinery, MACH, and CHEM (chemical, aircraft), which is the only
manufacturing sector applying human capital. This rather strong assumption is made
for analytical convenience. In addition to manufacturing there is a handicraft (HAND)
sector using only unskilled labour. Assuming fixed input coefficients the sectors can be
represented by points in the endowment triangle as illustrated in Figure 2. The points

indicating production activities can be connected by lines leading to triangles of
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Figure 2. Changing Endowments

diversification within the endowment triangle. In Figure 2 both the endowment points
of regions and the activities are combined in one graph. From the linear programming
literature it can be shown that countries with endowment points in a given triangle of
diversificationproduce the three productsrepresented by the vertices of this triangle and
also have the same factor prices.

In the initial situation depicted in Figure 2, America is the only region producing
machinery. Chemicals and the commodities represented by LAB and CAP are produced
in Europe and Japan. It may be assumed that Europe imports machinery from America
and exports chemicals. Japan imports chemicals and machinery in exchange for
moderatelycapital-intensive goods (CAP) and labour-intensive goods (LAB). Asia is the

only region producing labour-intensive handicrafts. Real wages are lowest in the Asian
cone and increase if one moves from the left to the right. The arrows emanating from the
initial endowment points show the accumulation of human and physical capital from
roughly 1960 to the present.

As allcountries move further to the rightthan America does, there is convergence
in the world economy. However, not all arrows are of the same length or pointing in the
same directions. To unravel the implications of catching up it is necessary to determine
the Rybczynski effects and the Stolper-Samuelson effects of different moves.
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Table 1 Rybczynski effects of capital accumulation

Sector HAND LAB CAP MACH CHEM
Cone

Asian                                   -                +                  0                   0                   0

Japanese                       0            _             +             0              0
American                           0               0                -                +                 0

Rather than going though all changes indicated in Figure 2 we will analyse a realistic
scenario with Asia moving from the "Asian" cone into the "Japanese" cone by
accumulatingphysical capital and Japanleavingits original cone forpenetrating into the
"American" cone also by accumulating a large amount of capital. In discussing such a
scenario emphasis will be put on the consequences for the American economy. The
qualitative Rybczynski effects of capital accumulation are given in Table 1. The effects

are straightforward. It should be noted that output of chemicals does not change,
because the amount of human capital is constant by assumption.

If the output of a commodity rises its price falls and the implications for factor
prices follow from the Stolper-Samuelson derivatives, which are dual to the relevant

Rybczynski effects. The consequences of price changes for real factor earnings in the
American cone are shown in Table 2. Handicrafts are left out because it is assumed that

they are not consumed in America.

Table 2 Stolper-Samuelson effects for America

Factor

Reward Wages VVages

output unskilled skilled Capital

price
reduction

LAB                                +                         +                             +

CAP                               -                         +                              +

MACH                           +                         +                             -

CHEM                          0                       -                           0
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The signs relate to changes in factor rewards caused by price reductions. A fall in the
price of LAB leads to an increase in all factor incomes in the American cone. The labour
intensive commodity is not produced in America and all factors gain in real terms from
an improvement in the terms of trade. A decline in the price of CAP, the moderately
capital-intensive good (textiles, etc.), induces a fall in the wage of unskilled labour, but
a rise in the earnings of skilled labour and capital. In the terminology of Ethier (1984)
CAP is a'friend' of unskilled labour, which appears from the fact that labour and CAP
are on the same side of the extended line connecting machinery and chemicals in Figure
2. Human capital and physical capital are on the other side of the line and are therefore
'enemies' of CAP. A price reduction in this good induces an increase in the factor
rewards of the'enemies', as shown in Table 2. In a similar way it can be argued that
capital is a'friend' of MACH, but that human capital and labour are'enemies'. A fall in
the priceof machinery leads to a decline intheremuneration of capital, but the wagerate
of skilled as well as of unskilled workers rises. Finally, a lower price of chemicals has

only consequences for the wage of skilled workers, which will be reduced. Capital and
labour are on the extended line connecting CAP and MACH and are neither'friends' nor
'enemies'. The results depend of course upon the assumptions made with respect to
production technologies:"Conclusions regarding the effect of product-price changes on
factor returns depend substantially and subtly on the input intensities. For example, if
the machinery point is swung to the left to a capital-to-labour ratio less than that of
chemicals, then human capital and textiles become friends in the capital abundant
countries" (Learner, 1995, p.24).

Turning to the accumulation scenario mentioned above we see that the Japanese

growth induces a fall in the price of machinery. This puts the rate of return on capital
under pressure in America. The wages of skilled and unskilled workers are favourable
affected. The Japanese expansionreduces the supply of CAP, but this is likely to bemore
than offset by the assumed capital accumulation in Asia. The price of CAP may decline

resulting in lower wages for the unskilled workers. On balance the skill premium rises
and the rate of return on capital declines, which may depress savings and capital
accumulation in America. As these developments took place the Heckscher-Ohlin

Crowding Hypothesis may have been relevant for the US in the recent past. The change
in the distribution of wages at the expense of the low skilled is widely documented (cf.
Bound and Johnson, 1992). The low savings rate is another well-known feature of the

Americaneconomy. Moreover, there hasbeena change froma position withpositive net
export per worker of machinery in1974 toaposition of importing machinery in1988 (for
example Learner and Lundborg, 1995).
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The Learner model canbe extended by discussing separately capital mobility2 and

the impact of non-traded goods. Nevertheless the model gives a highly stylized

description of the world economy, mainly because goods are homogenous so that the
resulting patterns of specialisationare ratherrigid. For a sketchof possible developments
it may be preferable to rely on a calibrated model providing a more comprehensive

picture of the world economy. In the next section we apply the WorldScan model of CPB

Netherlands Bureau for Economic Policy Analysis to study the consequences of trade

with and factor accumulation in emerging economies.

3. Future developments: some simulation experiments

In theory models can be kept simple to focus on a particular issue. Different models can

then be constructed for different purposes. In a calibrated model for the world economy

all relevant mechanisms have to be taken into account. As a consequence, such models

will be large and complicated. Presentation of the full model is beyond the scope of this

chapter. Therefore, in Section 3.1 we present an overview of the model explaining the
main features. The model can be used to generate future developments in terms of the

endogenous variables. The results of this exercise should not be interpreted as
predictions. In Section3.2 we discussa possible development which serves asareference
path for two experiments. A counterfactual analysis de-linking the Non-OECD region

from the rest of the world is presented in Section 3.3. This experiment provides useful
insights with respect to the impact on developed economies of trade with emerging

economies. In Section 3.4 the role of capital accumulation in the Non-OECD region is
studied by assuming an increase in savings in comparison with the reference path.

3.1 WorldScan

WorldScanis a multi-regionmulti-sector model generatingnumerical results, whichmay
be useful in scanning the future. We limit the exposition to a summary statement of the

mainmechanisms inthemodel (some details arepresented inBox 1). The modeldeviates
from standard applied general equilibrium models by allowing markets to clear

gradually by means of a combination of stock adjustment and price adjustments. In

2 Capital mobility leads to a change in endowment points. As capital moves from America to Asia

competition increases. This may put additional pressure on the wages of unskilled labour in America

eventually.
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addition, there are other frictions build into the process of factor allocation. Capital as
a factor of production is not fully malleable. In factproduction functions are of the putty
semi-putty variety. In each period newly installed capital (new vintage) is distinguished
from existing capital (old vintage). Substitution possibilities on the new vintage follow
from a Cobb-Douglas technology, whereas substitution possibilities on old vintages are
more limited. WorldScan contains two separate labour markets, one for low-skilled and
theother for high-skilled workers. Inbothmarketspeople may be unemployed, because

firms use the wage rate as a screeningdevice withregard to the number of applicants for
jobs. Unemployment benefits do have an impact by raising the reservation wage and
therefore the number of applications by workers.

Economic growth is caused by factor accumulation and technological change.
Labour supply of skilled as well as of unskilled workers is determined exogenously.

Capital accumulates by investing in new capacity. Because financial capital is
internationally mobile, to a certain extent domestic saving rates may deviate from
domestic investment rates.



Box l The Worldscan model

WorldScan is a multi-sector, multi-region, dynamic applied general equilibrium model for the
world economy, designed to support economic scenariostudiesona time frame of 25 to 35 years.
It consists of a neoclassical core model for long-term development, based on a Solow growth
model and a Heckscher-Ohlin trade model.

Regions Sectors Production factors

Western Europe Agriculture and Food Low-skilled Labour

Japan Raw Materials and Energy High-skilled Labour

North America Intermediate Goods Capital
Non-OECD Consumption Goods

Capital Goods
Non Tradables (sheltered Intermediate inputs
sector) Raw Materials and Energy
International Transport Intermediate Goods

Extensions to the core model

Extensions are made to add realism to scenarios and in so doing bridge the gap between
academic and policy discussions. These include
-         a Keynesian closure with endogenous investment is introduced to illustrate medium-

term dynamics of shocks;

-               catching up of productivity levels to a specified technological frontier, depending upon
a number of endogenous factors;

-         an Armington trade specification, allowing market power to determine medium-term
trade patterns, while allowing Heckscher-Ohlin mechanisms in the long run;

- imperfect financial capital mobility with a portfoliomodel, with a specification allowing
penetration in financial markets without continuously increasing interest rates;

-       a consumption demand system depending upon per capita income, and developing
towards a universal pattern, and

-             a Lewis-type informal sector in developing regions, which provides a surplus of labour
supply, enabling economic growth of low-wage countries during a longer period.

The model is calibrated on a 1990 database containing consistent bilateral trade flows and input
output information, with no rest of world region. Elasticities are guesstimates - no attempt has
been made to estimate them using econometric methods.

Source: Geurts, Gielen, Nahuis, Tang and Timmer (1995).

Technological change is modelled by distinguishing a notional technology and the actual

or applied technology in each sector and each region. The gap between the two

constitutes a learning potential. Firms are chasing the notional technology but are never

able to close the gap completely. In WorldScan the ability to learn is related to the

capital-labour ratio and to the employment of high-skilled labour relative to the
employment of low-skilled labour, thus accounting for views expressed in the recent so
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called endogenous, growth theory. The notional technology of a sector is related to the

actual technology in this sector, but also to the actual technology of similar sectors in

other regions. In this manner international knowledge spillover-effects are taken into

account. Regions that have backward technologies for whatever reason may catchup by

exploiting a relatively large learning potential.

Sectors in WorldScanare notbased ona straightforward aggregationof statistical

categories, but are conceived as prototypes of main economic activities. Agricultural
Productsand Raw Materials are traded inglobal markets under perfectcompetition. The
sector International Services provides for international transport services, which are

traded inthe world market. The products of the Sheltered Sectorare supplied inregional
markets only. The three remaining Manufacturing industries supply products on
regional markets, that are open to interregional trade. Preferences are modelled

according to an adjusted version of the Armington system. Whereas in the original

Armington system market shares are determined by relative price levels, in WorldScan

changes in market shares depend upon relative price levels. As a consequence,
substitution possibilities in the long run are larger than those in the short run.

The CapitalGoods sectorcanbe thought of as ahigh-techsector, usingarelatively

large amount of skilled labour and also more physical capital per unit of output than the
other manufacturing sectors: Consumer Goods and Intermediate Goods. The Consumer

Goods sector is a more traditional sector applyinga relatively large amount of unskilled

labour. The Intermediate Goods sector of which the goods are used in the production of
all other goods, holds a middle position with respect to capital-intensity and skill-

intensity. The production elasticities which are indicative for the relative factor

intensities of the sectors are presented in Table 3. In assessing the relative factor

intensities of sectors account should be taken of the indirect effects of the input-output
relations.
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Table 3 Production elasticities in WorldScan

Factor High Low Capital Intermediary Raw

Sector skilled Skilled goods Goods Materials

Capital goods 0.45 0.15 0.30 0.10 0.00

Sheltered 0.40 0.20 0.30 0.10 0.00

Transport (Int.Serv) 0.40 0.20 0.30 0.10 0.00

Raw Materials 0.35 0.35 0.20 0.10 0.00

Agriculture 0.15 0.45 0.15 0.25 0.00

Intermediate Goods 0.15 0.15 0.20 0.00 0.50

Consumer Goods 0.15 0.50 0.20 0.15 0.00

Informal Sector 0.00 0.80 0.10 0.10 0.00

Except for Agricultural and Consumer Goods the elasticities with respect to the use of
intermediate products are equal and low. Raw materials are used in the Intermediate
Goods sector only, where they take a substantial share of gross earnings.

The numerical accuracy of the model requires some discussion. The model is
calibrated such that it exactly replicates a 1990 database. The database is constructed

using several sources, see Geurts et al. (1995). No database with sufficient sectoral detail

covering the globe with a reliable time series dimension is available, to our knowledge.
Hence, the disadvantage of having only one data-point seems unavoidable. Given this

limitation, the numerical results produced with the model should not be interpreted as

predictions based onaneconometrically estimated model. Rather, the results are indica-

tive answers to "what if" type of questions with a reasonable order of magnitude.

First the model will be applied to gauge the effect of trade with the Non-OECD

regiononOECD labour markets. Next the model will be applied inanalyzing theimpact
of an increase in savings in the Non-OECD area. It remains to be seen to what extent the

Heckscher-Ohlin pattern is preserved in a more realistic setting. The shocks referred to
above are applied to a reference path of the model for the period 1995-2025, that is briefly
discussed in the next Section.
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3.2 The reference path

Although we do not intend to predict future developments one way or the other it may
nevertheless be useful to discuss some main characteristics of the reference path.

In Table 4 (a) and (b) we report macroeconomic growth and its determinants for
four main regions in the world economy. The developed regions show a more or less
similar growth pattern, although labour supply stagnates in Japan. The difference with

Europe and Americais made up by faster accumulationof physicalcapital. Employment
in the Non-OECD area grows faster than labour supply, which is made possible by

shifting workers from the informal sector to the formal sector. The savings rate as a

percentage ofnationalincome amounts to 24 % onaverage, which issubstantialless than

Japanese saving of about 35% of nationalincome.

Table 4 (a) Reference path 1995-2025

Western North Japan Non-OECD

Europe America

determinants Ofincome growth (%p.y.)

Labour supply 0.5 0.7 0.0 1.3

Inflow inf. sector 0.4

Factor productivity 0.6 0.9 0.9 1.3

Factor accumulation 0.7 0.7 1.3 1.1

National product 1.9 2.3 2.1 4.0
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Tabel 4 (b) Reference path 1995-2025

Western North Japan Non-OECD

Europe America

regional share in world economy (%)

2000   2025   2000   2025   2000  2025  2000   2025

Agriculture 27.4 19.9 18.4 14.4 8.2 5.5 46.0 60.2

Raw materials 22.7 23.8 33.6 37.6 5.8 4.5 38.0 34.1

Int. services 27.4 30.5 20.0 22.5 18.0 16.0 34.6 30.9

Sheltered 36.5 30.6 31.6 32.1 17.5 13.6 14.4 23.7

Internz products 33.1 25.6 28.0 25.6 14.5 9.9 24.4 38.9

Cons. goods 14.1 4.7     8.3 4.7 14.4 6.8 63.3 83.3

Capital goods 35.0 26.7 Z7.7 31.5 25.2 20.0 12.1 21.8
sectoral share in local income (%)

Agriculture 8.5 8.5 6.5 5.8 5.3 5.2 19.6 20.3

Raw materials 4.6 5.6 7.7 8.3 2.3 2.3 9.7 6.4

Int. services 0.7 0.6 0.6 0.4 1.0 0.7 1.1      0.5

Sheltered 65.7 66.4 66.3 65.9 64.7 65.1 38.2 40.3

Interm. products 8.2 7.5 7.4 7.1 7.7 6.4 7.7 8.6

Cons. goods 1.9 1.0 1.3 0.9 4.4 3.1 12.9 13.2

Capital goods 10.4 10.4 10.3 11.5 14.7 17.1 5.5 6.6

Knowledge spillovers, triggered by capital accumulationand schooling,lead to catching
up in terms of total factor productivity as appears from Table 4 (a).

As the Non-OECD is growing faster than the rest of the world its share in world
production goes up in most sectors. Exceptions to the rule are Raw Materials and
International Services. However, there are no big changes in the shares of local income.
In the Non-OECD region there is a slight increase in the shares of tradables originating

in industry at the expense of Raw Materials mainly. Note, for future reference, that the



290 Chapter 10

world division of labour in manufacturing sectors is characterized by a specialisation of
the Non-OECD on Consumption Goods and of the OECD on the Capital Goods sector.

This is revealed both by shares inthe world economy and by shares inlocalincome. All
in all economic growth is rather balanced with developing regions converging over a
broad spectrum of the economy. Nevertheless, at the end of the simulation period the
Non-OECD countries are still markedly different from the developed economies as

appears froma relatively large agricultural sector, a relatively small sheltered sector and

a relatively large consumption goods sector.

3.3 De4inking the Non-OECD: a counterfactual analysis

By means of a counterfactual analysis we assess the points of view expressed in the
introduction with respect to the deterioration of the position of unskilled labour. By

determining the fraction of increased wage inequality that is explained by trade with the

Non-OECD, we evaluate the validity of arguing that it is predominantly a domestic

technology related phenomenon, predominantly a trade related phenomenon or some
mixture of the two. Toassess the positionof those advancing the trade explanation in the

wage inequality debate, the relevant question can be formulated as: "Is it possible to

imagine an alternative history in which the OECD countries have acquired the

technology and resources of themid-19Us,butinwhichtrade with newlyindustrialising
countries remains negligible (either because these countries did not develop, or because

protectionistbarriers haveblocked offthepotential trade)?" (Krugman1995b, p.22). The

impact on the OECD labour markets of an alternative history without trade between the

developed and developing countries is analysed in this section. Hence the experiment
discussed in this section can be conceived as accepting Krugman's challenge: "At the
very least, I would challenge those economists who maintain that trade has in fact had

large impacts on wages to produce an illustrative CGE model, withplausible parameters,
that is consistent with that view. I claim that it cannot be done."(Krugman 1995a p.22).3

The layout of the de-linking of the Non-OECD scenario is as follows. The Non-

OECD region raises drastic trade barriers with the aim to become isolated from the rest

of the world economy. On all (potential) trade flows import and export taxes are levied

' See Nahuis (1999) for a more extensive motivation on why this approach and the use of WorldScan
is particularly useful.
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in order to squeeze the actual trade flows as quickly and as far as possible from 1991
onwar(is. Technological change is exogenous at the reference path levelin order to focus

on the Heckscher-Ohlin trade effect. Tax revenues are returned as a lump sum payment
to the representative consumer.

The results are reported in Table 5.4 Our focus is on the labour markets in the
OECD regions. In Western Europe, North America and Japan the wages of low-skilled
workersrise whereas those ofhigh-skilled workers fall. Hence, de-linking the Non-OECD

brings about a decrease in the wage gap in the OECD. The significance of the magnitude
of the relative wage change is discussed at the end of this section; first the results will be

explained.

The simulation results reflect basically the analytical results of the Stolper-
Samuelson theorem. The price of the low-skilled intensive imports rises relative to the

high-skilled intensive exports. The logic of the Stolper-Samuelson theorem tells that to
maintain zero profit the wage of the low-skilled should increase and the wage of high
skilled should decrease.5 This is what we observe in the OECD regions.

4 The full effect of this experiment is attained in 2005. In WorldScan slowly vanishing brand loyalty is
introduced such that differences in prices of regionally differentiated varieties of a good are translated
gradually in changing market shares (see also Section 3.1). In the end markets can be lost completely,
however it takes till 2005 to squeeze Non-OECD trade almost completely.

5 A different way to understand the tendency for the relative wage to move in a direction beneficial
for those with less skills is to see the world as a (single) closed economy. After tax walls have been raised,
the relative endowment of the closed world economy consisting of Europe, Japan and North America, is
such that unskilled workers are much more scarce than with the Non-OECD included.
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Table 5 De-linking the Non-OECD (Cumulative effects in %)

Western North Japan Non-OECD

Europe America

2005 2005 2005 2005

Real factor prices

Wage low skilled 2.3 2.1 3.4 -3.1

Wage high skilled -2.3 -2.9 -4.3 12.5

User cost capital -2.5 -3.6 -0.4 0.5

Skill premium«

Skill premium base 1.55 1.61 1.58 2.99

Skill premium delink 1.48 1.53 1.46 3.47

Difference -0.07 -0.08 -0.12 0.48

Shares in local income

Agriculture 0.6 0.7 0.9 -0.2

Raw materials 0.3 1.0 0.6 -1.6

Int. services -0.1 -0.1 -0.1 -0.7

Sheltered -0.4 -0.6 -0.8 0.4

Intermed. products -0.2 0.1 -0.1 0.5

Cons. goods 1.7 1.1 1.8 -3.7

Capital goods -2.1 -2.1 -2.4 5.1

Revealed comparative advantage

Intermed. products 3.4 10.8 3.1                   ..b

Cons. goods 24.1 18.1 15.8                 ..

Capital goods -8.8 -9.6 -6.1                   ..

' Wage high skilled / wage low skilled in absolute value.
b The computation of RCA is not informative if trade volumes tend to zero.
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Trade with the Non-OECD is eliminated by trade barriers erected by the Non-OECD
region. The trade pattern is not depicted, but the fact that trade is negligible can be
invoked from the change in the share in local income of the International (transport)
Services in the Non-OECD: a decrease with 0.7%-points from a reference path value of
0.8% in 2005. Without international trade there is no demand for international transport
services. Recall that in the reference path (see Table 4) the Non-OECD is the dominant

producer of consumer goods. The structure of trade on the reference path mirrors this
specialisationpattern. The Non-OECD exports predominantly consumer goods (and raw

materials) which balance the import of goods from the high-skilled intensive Capital
Goods sector. In this experiment the tariffs block off this trade flow. Therefore the cheap

(Non-OECD) consumption goods are no longer available for the OECD nor is there a
demand for capital goods from the Non-OECD. This leads in the OECD to an increase

in the consumption goods price index and to a decrease in the capital goods price. This
change in relative prices is accompanied by a sectoral reallocation. It is eminent from
Table 5 that the Consumption Goods share in localincome goes up at the expense of the
share of Capital Goods in all OECD regions. The share of Raw Materials also rises

because of the elimination of the Non-OECD exports. International Services is the only
sector that decreases in local income share in all four regions, this reflects the fact that
total trade flows have diminished considerably. In all other sectors (with the exception
of the minor changes in the Intermediate Goods sector) the pattern in the Non-OECD is

opposite to that of the OECD regions. Hence the changes in labour demand in the Non-
OECD also show the opposite pattern of that in the OECD.

What remains to be explained is the decrease in the user cost of capital. This
reflects the fact that capital consists of goods from the Sheltered Sector (buildings) and
from the Capital Goods sector, both are skilled intensive and hence are produced

cheaper due to the decline in high-skilled labour wage costs.

How do the labour market results relate to the actual changes observed in the
OECD economy? Davis (1992) provides numbers for the ratio of payment of workers
having finished college to those who finished only high school. For the US this ratio

increased by 0.15 points from 1.37 in 1979 to 1.52 in 1987. For the UK the ratio increased
by 0.12 points from 1.53 to 1.65 in eight years (1980-1988): Table 5 depicts the absolute

6 A more extended overview of labour market trends in the 80s is presented in Kosters (1994).
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values for the skill-premia (the wage of high-skilled workers relative to low-skilled

workers) in the reference path and in the de-linking simulation. For Western Europe the
skill premium decreases by 0.07 points from 1.55 in the reference path to 1.48 in the de-

linking simulation. Comparing this number, which reflects the fullimpact of Non-OECD

trade, with the actual number for the UK of 0.12 one might say that half of the increase

would be undone had trade with low wage countries not been possible. For North
America the actualincrease in 8 years of 0.15 points compares to a full simulated impact
of de-linking of 0.08 points. Hence, the counterfactual experiment learns that the Non-

OECD mightbe'blamed' for somewhat less thanhalf of the increase in the skill premium
in the OECD. l'his is not to say that the impact of trade on OECD labour markets has

been large, but it has been too large to argue that the changing skill premium is

predominantly a domestic technology related phenomenon.

3.4 Increasing the saving propensity in the Non-OECD region

The cumulative results of a rise in the saving ratio in the Non-OECD region are given in

Table 6. The shock amounts to a permanent increase by 10%-points starting in the year
1995. Theresults fortheNon-OECDregionwillbe discussed first. The usercostofcapital
in this area decreases substantially, which induces a rise in the production of capital

intensive goods (Sheltered, CapitalGoods and International Services). Theshare of these

goods in local income goes up and revealed comparative advantage points towards an

improvement in the competitive position of the Capital Goods sector in the world
market. This reflects the Rybczynski theoremwith anincreased capital endowment. The

increased capital endowment does not fall from heaven, consumers save more (and

spend less) and the capital stock has to be produced. In the short run an increase in

savings induces underspending and unemployment as the model exhibits Keynesian
features. As a consequence unemployment increases and factor remunerations decline.

In the long run the natural rate of unemployment is restored and changes in labour

income are governed by the required reallocationof labour from the relatively less skill-
intensive sectors. As appears from Table 6 the decrease in consumption lowers demand

for consumption goods and for agricultural products. The production of capital goods
and the supply of goods from the sheltered sector, which are used in construction (and

are therefore part of totalinvestment) rise. The decline in the user cost of capital makes

it possible for wages to rise over the full range. However, wages of skilled workers rise
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more because there is a reallocation towards the skill-intensive sectors (Capital Goods

and Sheltered).

The figures for revealedcomparative advantage indicate that the Non-OECD area

will specialize more in Capital Goods. However, this does not imply that this region will
export more or import less of these goods as is assumed in the Learner model discussed

in Section 2. The extra demand for domestic capital goods raises the price of these goods,

so that it becomes even more attractive to import capital goods from the OECD regions.
An increase in investment in the Non-OECD region increases the world demand for

capital goods.

In the short run the OECD regions face a substantial rise in the price of capital

goods instead of a decline as would be the case in the Learner analysis if accumulating
countries penetrate in the "American cone" and start to produce "Machinery". In the

long run the relative price of capital goods rises in comparison with agricultural goods

and products from the sheltered sector. The other relative prices do not change much.
According to the Stolper-Samuelson theorem an increase in the price of the relatively
skill-intensive capital good induces a rise in the remuneration of skilled labour in the

OECD regions. This result is confirmed by the outcomes presented in Table 6. However,
this is not the whole story. The user cost of capital decline because there is (imperfect)

capital mobility in the model. The fallin the Non-OECD rate of interest spills over to the

OECD regions. The resulting decline in the remuneration of capital improves the
position of labour. Skilled labour benefits most, because the relatively capital-intensive

goods are also the most skill-intensive goods. If the relative price of capital does not

change the fall in capital cost must be compensated for by a wage increase of skilled
workers. With the exception ofJapan the wage rate of unskilled workers also rises in the

long run. In Japan the user cost of capital decline less than in the other OECD regions.

The simulation experiment of an increase in capital accumulation in the Non-
OECD area produces results which deviate in a certain way from the standard

Heckscher-Ohlin theory. Account must be taken of supply as well as of demand effects.

The need for more capital goods in the Non-OECD will be partially met by importing
these goods from the rest of the world. This leads in the medium run to a price increase

ofcapital goods world-wide inallregions. Moreover, capital mobility induces spillovers
with respect to the income distribution.
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Table 6 Increase in Non-OECD savings (Cumulative effects in %)

Western North Japan Non-OECD

Europe America

2000 2025  2000 2025 2000 2025 2000 2025

Realfactor prices

Wage low skilled 4.1 0.1 -1.6 0.2    -1.0 -0.3 -2.9 6.6

Wage high skilled 0.8 1.1 0.3 1.6 2.4     1.3 -3.4 15.0

User cost capital -1.1 -1.4 -1.6 -1.9 -1.3 -0.7 -13.5 -27.9

Shares in local income

Agriculture -0.9 -0.4 -0.7 -0.4 -0.9 -0.4 -1.5 -1.7

Raw materials -0.2 0.1 -0.5 -0.1 -0.3 0.0 -0.1 -0.3

Int. services 0.3 0.1 0.2 0.0 0.4 0.0 0.5 0.1

Sheltered 0.2    -0.3     0.0 -0.5 0.5 -0.1 2.2 2.0

Intermed. products -0.3    -0.1    -0.1 -0.1 -0.4 -0.1 -0.6 -0.3

Cons. goods -0.1 -0.1 -0.1 -0.1 -0.2 -0.2 -1.8 -1.1

Capital goods 1.1 0.7 1.1 1.0 0.9 0.9 1.8 1.6

Reuealed comparative advantage

Intermed. products -1.4 1.1     0.4 -1.2 -0.5 1.2 0.4 0.1

Cons. goods 2.2    -0.8 0.9 -1.4 6.3 -0.9 1.9     4.3

Capital goods 4.4 -4.5    -6.5 -3.8 -7.0 -7.3 11.0 9.0

4. Conclusions

Trade withemerging economies is oftenblamed for the relative or absolute deterioration
of the income position of low skilled workers in developed economies. Applying the
WorldScan model of the CPB Netherlands Bureau for Economic Policy Analysis, it is
shown that about half of the increase in skill premium in the US and in the UK can be
attributed to trade with the Non-OECD region. This result which is an upper bound,



Economic Development and Trade in the World Economy: Introducing WorldScan 297

should be interpreted with great caution because the modelis not estimated by applying
econometric methods. As a consequence of limited data availability the model is merely
calibrated as is the case with most applied general equilibrium models. Nevertheless it

is reassuring that the result is in line with empirical work showing that at least a

substantial part of the increase in the skill premium can be attributed to trade with

emerging economies.

From a dynamic perspective changing patterns of trade are determined by
unequal growthacross regions. Anumber of emergingeconomies have shownhighrates
ofoutputgrowthover thepast decades. Recent empiricalinvestigationshave shown that

growth in emerging economies is driven to a large extend by capital accumulation. This

result makes it possible to apply the time-honoured Heckscher-Ohlin modelinanalyzing
the issue of changes in the skill premium.

If capital increases relatively fast in emerging economies, one would expect that

these economies increase their outputand export in moderately capitalintensive goods.

As a result the price of these goods in developing as well as in developed countries
would fall. Moderately capital intensive goods are at the same time relatively skill

extensive, so that a fall in the price leads to a reduction in the wage rate of unskilled
workers according to the Stolper-Samuelson theorem. This is indeed the result found in
Learner (1995, 1996a) in a model with five goods, three factors of production and four
regions.

In contrast with Learner, in WorldScan goods from different regions are
heterogenous. Consumers have a taste for variety, so that all goods are produced in all
regions. This is a logical assumption in a calibrated model with a limited number of
sectors. Capital accumulation in the Non-OECD region is conceived as an increase inthe

savings rate. Demand for capital goods rises at home as well as abroad because the

import of capital goods in the Non-OECD area increases. In the long run the increase in

demand can be met at more or less stable relative prices in the OECD regions. User cost

of capital fall in the Non-OECD area, but also in other regions as financial capital is
imperfectly mobile. The decline in capital cost is beneficial to labour. Skilled labour
benefits most because the production of capital goods is relatively capital intensive as

well as relatively skill-intensive.

It is interesting to observe that the Learner analysis and WorldScan lead to a
similar conclusion with respect to the skill premium in case of capital accumulation in
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emerging economies. However, the road leading toward thisconclusionis very different.
This may justify the use of more complex models despite the fact that no closed-form
solution for such models can be found.
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Openness, Growth and R&D

Spillovers
An R&D-amended Version of WorldScan

Abstract'
Research and development (R&D) not only raises the own technology level. but also that in other sectors
and abroad. We examine the trade-related diffusion of R&D in three steps. First using OECD and
UNESCO data weprovide an overview of global R&Dexpenditures. Second, weestimatethe relationship
between sectoral R&D expenditures and growth. Finally, these empirically found growth effects of R&D
are incorporated in WorldScan: a dynamic applied general equilibrium model for the world economy. We
simulate trade liberalisation and analyse the effects on GDP in different regions. We find that the GDP
effects of trade liberalisation are magnified considerably for some regions - notably Japan and South-East
Asia - where for others - for example China and Sub-Saharan Africa - the GDP effects are not blown up
at all. These findings can be traced back to changing specialization and import patterns. A region either
specialises in R&D-intensive sectors or imports R&D-intensive goods. Some regions import the
knowledge-intensive goods from knowledge-poor regions. Such a 'double-unfortunate' trade and
production pattern after trade liberalization explains the results for Sub-Saharan Africa and China.

' This chapter is based on Lejour and Nahuis (2000). I want to thank Hans Timmer for suggestions and
discussion; these considerably improved the chapter. Furthermore, Henri de Groot and Theo van de
Klundert are acknowledged for stimulating discussions and comments on an earher version. Nico van
Leeuwen is acknowledged for research assistance.
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1. Introduction

Arecountries with lower barriers to trade experiencing more economic progress? Trade
economists typically answer this question affirmative despite the fact that neo<lassical
trade theory predicts that lower barriers to trade willlead to higher levels of welfare only
(as long as a country is small). The Solow growth theory predicts no link between trade
barriers and growth whatsoever. Only in the transition phase openness might have an
effect on growth. Models of endogenous growth provide the 'missing link' between
openness and growth: Openness has growth effects via knowledge spillovers related to

openness thataffectthe productivity of researchor production, orreduce duplicationary
research effort. Openness can also allow to benefit from specialisation (or scale)
opportunities in research or generate a market-size effect.2

Coe and Helpman (1995) have quantified directly the relation between
technological change, openness and research expenditures within the OECD. They have
shown that R&D is not only beneficial for the performing countries, but also for their
trade partners:

This chapter integrates theempiricalresults and the theory inanApplied General

Equilibrium (further AGE) model. We examine the importance of R&D and R&D
spillovers in quantifying the effects of trade liberalisation: We do so in two steps. First
we estimate an equation related to Coe and Helpman (1995). The results are
subsequently implemented in WorldScan, an AGE model for the world economy with
considerable sectoral detail. Finally, the consequences of trade liberalisation are
considered.

Closely related is the work by Bayoumi, Coe and Helpman (1999, further BCH)
who implement the estimated equation of Coe and Helpman (1995) in the dynamic

1 That such a linkexistsis partly based on casual observations abouttheeffectof an isolationalistpolicy
on technological sophistication and partly on empirical work by, for example, Sachs and Warner (1995).
The empirical relation is, however, controversial. See Rodriguez and Rodrik (1999).

2 Grossman and Helpman (1991) discuss the effects of openness on research productivity and the
reduction of duplicationary research. See Rivera-Batiz and Romer (1991) for the scale effect in research.
The market-size effect is discussed in Acemoglu (1998).

' How important trade partnersare is still open to debate. Lichtenberg and Pottelsberghe de la Potterie
(1998) argue that FDI flows matter.

4 Numerical estimates in AGE modelling consistently show low welfare increases due to trade
liberalisation in case the models are of the static CRS type.
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multi<ountry model of the IMF (MULTIMOD). They show that a trade expansion by
developing countries of 5% of their GDP raises their output by 6.5%-points in 2075:

The analysis in this chapter adds to BCH's paper in several respects. First given
that we have sectoral detail in the model, we can distinguish intra-regional spillovers

alongside inter-regional spillovers. Second, we collect and incorporate R&D data for
non-OECD regions whereas BCH's assumptions imply that these regions donot perform
any R&D till 2075. Third, to highlight the role for trade as a vehicle for R&D spillovers
we perform a different exercise as BCH. We argue that a relevant policy shock is to
reduce existing trade barriers over time, whereas BCH increase imports and exports of
manufactures by 5%-points. Finally, we distinguishhigh- and low-skilled workers. This
allows us to examine the hypothesis, propagated by Wood (1994), that trade
liberalisation causes 'defensive' innovations that are harmful for low-skilled workers.
These differences in the approaches immediately allow us to pin down the points this
chapter makes.

First we show that trade-related R&D spillovers not necessarily magnify the effects
of trade liberalisation. This is related to our different perspective on the relevant trade-
liberalisation experiment. We introduce trade liberalisation starting from the trade
barriers in the data. This implies that the relative prices of the regional varieties are
affected by liberalisation. This may redirect trade flows and thereby affect the'imported'
knowledge flows. This results (for some regions) in very low benefits from international

spillovers as they importless knowledge-intensive products. TheBCHexperiment veiled
this as they increased the import intensity in a neutral way.

The second point this chapter makes is that it is crucial to distinguish intra-
national spillovers alongside international spillovers as it brings to the fore the trade-off
between the two. This point is easily understood once the trivial observation, that goods
that are imported are not produced domestically, is recognized. Note that a large market
induces more R&D. Hence, increased'imported' international spillovers come at a cost
of domestically generated knowledge (which might be important for intra-national

5 There exist, to our knowledge, only few other studies that perform similar exercises. Van Meijl and
Van Tongeren (1999) propose an absorption<apacity based spillover measure and test the numerical
consequences of thatby bringing thespillover measureto theGTAPdata and model. Rutherford and Tarr
(1998) develop an R&D-based CGE model for the small open economy. Their model, however, remains
highly stylized and is simulated without a clear link to the data. We add to these contributions by
estimating the relations present in the data and implementing them in a calibrated model that generates
transition dynamics.
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spillovers).6 Hence, trade liberalisation might cause regions to specialize in sectors that
have low growth potential.

The third point of the chapter is that there is no evidence for a technology-related
magnificationeffect ontherelative wages ofhigh-and low-skilled workers. The intuition
for a magnification effect on relative wages in the OECD goes as follows. Trade
liberalisation leads to a lower relative price of unskilled-intensive goods. This leads to
a sectoral reallocation towards skilled-intensive industries, which leads to higher R&D
expenditures in these industries, finally leading to a sector bias in TFP. We do not find
such an effect. There are three reasons for this. First the sensitivity of TFP for'own'-
sector R&D is low. Second, some regions do not specialise in high-skill/ R&D-intensive
sectors. And third, the high-skill / R&D-intensive sectors generate considerable

spillovers within the domestic economy towards low-skilled intensive sectors.

The rest of this chapter is organized as follows. In Section 2 we discuss our

empirical model. 1he estimation results for this model are presented in Section 3. This
section also contains a discussion of the data. Section 4 presents WorldScan, the AGE
model. Section 5 presents our main results. Section 6 concludes.

2. The empirical model

There is a substantial literature, both theoretical and empirical, that relates R&D
expenditures to productivity growth. The view that technological progress benefits not

only from R&D performed within the sector, but also from R&D performed'elsewhere'
is well established (see Nadiri, 1993, for an overview of the literature). More recently,
inspired by endogenous growth theory, the link between productivity and R&D
performed in other countries has been emphasised in empirical work: This section sets
out a model to re-examine these intra- and international spillovers.

11 Empirical approach
We start the analysis with a production function for a specific sector in a country:

6 For this point it is crucial that knowledge spillovers are tied to imports. As such, nothing precludes
spillovers related to exports (learning by competition on the international market); here we choose,
however, to follow the lines set out in the theory and empirical work discussed above.

7 See Grossman and Helpman (1991) for a thorough theoretical analysis of these issues.
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Y -  G(A, Q, L, R DD, R 10, R 9 ,                                                                                (1)

where, Y, A, Q and L denote value added, technology, capital and labour respectively.
The Rs denote weighted knowledge stocks (that are a function of R&D expenditures).
The superscripts to the Rs have the following meaning: DD is Direct (same sector)
Domestic and ID Indirect (other sectors) Domestic. The superscript F should be read as

Foreign. Time differentiation and bringing the terms with L and Q to the left-hand side

yields:

Y_(aLL + (1 -aL)Q)   -  F  =  WAA+WR DDR D D+W R IDR ID +W R   F  ,                                (2)

whereWi=aG/ai•i/Y fori € [A, L, Q, R DD, R ID, R F] and ahatover a variable denotes a

growth rate. Assuming competitive markets and constant returns to scale in labour and
capitals wecan infer WL and WQ from the data as the factor-income shares (denotedas a):
F is the TFP level. 10

We apply a growth-accounting procedure to capital and labour and estimate for
the R&D impact instead of estimating the complete production functionor assessing the

impact of R&D also by means of growth accounting. We do so for the following reasons.

First one might argue that by accounting for TFP growth the RDD variable should be
included onthe left-hand side. However, these expenditures are included incapital and
labour already (see also note 9). Second, growth accounting for Q and L overcomes the
problem that - common in the empirical literature - strongly decreasing returns are

found (see, for example, Verspagen, 1997b), which are due to measurement errors in the

capital stock. Barro (1999, p. 122-123) is more extensive on this issue. Finally, the

8 Note, for later reference, that the assumption of a production function that is homogeneous of degree

one implies that TFP is homogenous of degree zero with respect to the conventional inputs Q and L and
hence independent of the scale of the economy.

' At first sight this might seem inconsistent; paying for the RE)D factor would lead to losses in a
competitive market where L and Q jointly enter with constant returns. However, the expenditures for RDD

are included in Q and L already. In the estimation below the elasticity on Rw is to be interpreted as an
excess elasticity; hence the effect of RDD should be interpreted as an intra-sectoral externality in order to
maintain the constant-returns assumption.

w In Section 3.1 it will become clear that we derive TFP data in a slightly different way, using a translog
function.
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exogeneity of the growth rates of Q and L with respect to technological change is
doubtful.11

We  prefer to incorporate in the AGE model the following specification that is
closely related to R&D-based endogenous growth models12

. DD, . 0,     , F

F,  - A, R,De }" IR,;DI" IR '1"                                                                         (3)ik'  ,

C&H (1995) use a similar specification. F,k is the TFP level for industry i in regoion k
(industries aredenoted by i (i € {1,...I}) and regions by k (k E { 1,...K}). The superscripts to the
Rs have the following meaning: DD is Direct (same sector) Domestic and ID Indirect
(other sectors) Domestic. The superscript F should be read as Foreign.

We estimate the time derivative of equation (3), which is in line with equation (2):

fik,  -  c.yfoR'.k 0 + Y:Di:, .1. YDil + Sk,,                                                                        (4)

where a constant c captures the unexplained exogenous growth trend. An error term is
added.

We follow Grossman and Helpman (1991) in the logic that research productivity
and thus productivity growth depends on the knowledge stock available for R&D.
Therefore, knowledge stocks are weighted sums of other sectors' and countries' R&D-
capital stocks.

1 K       1
11

/D F r-r
nik    -  L, Ulik Rjk R,k  =  2, L nfilk R,1,                                                                   (5)

j•i                           k  3

where e denote the IO-coefficient from sectorj to i and n the sectoral bilateral trade flow

from country l to k. Thus, bothchanges in the weights and changes in the differentR&D-
capital stocks affect the knowledge-stock construct. According to equation (5) the
spillover stocks from differentsectors or countries are complements. This is based on the
idea that the more ideas are available the higher productivity is.

We introduce an additional assumption in the construction of the R&D spillovers.
So far we assumed that (trade-weighted) R&D stocks are complements. We, however,
argue that the sources of the (sectoral and regional) R&D stocks are imperfect

11 This point can be made for R&D stocks too. However, the data and conceptual problems to account
appropriately for the growth in the R&D stock in a growth-accounting sense are huge. Moreover,
appropriate instruments for R&D are hard to imagine. See also Barro (1999).

12 See Keller (1997) for an explicit derivation.
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substitutes.13 To be more specific we assume that the relative likeliness that the R&D
stock from sector j in country l is valuable for sector i in country k is inversely related to
the size (of value added) of sector j. This assumption is motivated by the notion that if
you import from a large sector with consequently a relatively large R&D stock, a
relatively small share of that sector's R&D stock will be embodied in these imports.14 The
R&D stocks can than be written as:

RK'                                                              RID                                                                                       F
ik

R„  =  I (Diallf" Rt,   111„  =  3f-         Ri,  =  E E npik 15"k R,1   15'ki  =  -9,             (6)
1"                             fk                 t•k  f                              #

where n and 11 are the size correction factors. Assuming that only the R&D stocks are

time dependent time differentiation of equation (6) leads to

't ID  =    51''ts" 12 12  F    =    r  r    "jilk  B,itk  Rlt    12
K/i

ik                                   jk             ik      Z..., 0'                     (7)
j*i R 1.k j   R

ik                                                               ik

Moreover we assume that R&D stocks do not depreciate. Here we follow the Terlecky
approach (1974).15 That is, the growth of the R&D knowledge stock can be approximated
by the R&D expenditures if is assumed that the depreciation of the stock is zero. As a
result equation (D becomes (substitute also for the ns and its)

i to   *     RDA    i F=I     n        j,K 1   RD
ik  = Z-, Sik  Y          ik        f  fill  y     I                                                        (8)

P'          jk              t•k               jk

The construct in equation (8) exhibits several desirable characteristics. First, it does not
suffer from an aggregation bias, as equation (4) does. The latter construct is very
sensitive to statistical aggregation of countries (see Lichtertberg and Pottelsberghe de la
Potterie, 1998, and Jacobs et al., 1999).16 We have solved this problem by the assumption

13 Ideally one wants to estimate a separate spillover elasticity for each knowledge source. For such an
approach data availability is the limiting factor.

14 A micro foundation for this assumption is provided in Peretto and Smulders (1998).

15 In continuous time: 11=RD/Y• Y/R-6. If 6 is zero we get RD/Y=R/Y•R.

16 Assume a world with three countries, with domestic R&D capital stocks (R) for countries 2 and 3
equal to Rz = 10 and Rl = 20 respectively. Then, if country 1 imports 10 from country 2 and 10 from
country 3, its foreign R&D capital stock (RF) should be calculated as follows (assume the weights sum to
unity): RF=(10/20)10+(10/20)20=15. If we assume that countries 2 and 3 merge into one single country,
the foreign R&D capital stock of country 1 becomes (with the same trade flows as before):
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that spillovers are related to the size of the country. This approach is largely insensitive

to aggregation as it avoids weighting the growth rates of large countries or large
delivering sectors heavily. The adjustment of the weights can thus be interpreted as that
we allow the ys to be specific for every sector and region.

Second, a change in the knowledge stocks over time, now approximated by the
R&D intensities that vary over time, is captured in (8). Third, a change in the weight
matrix affects the spillover construct. Now this is only the case if R&D investments are

positive whereas in a specification with R&D stocks, integration-induced changes in the
weights would affect the R&D construct directly.17 Related is that by using R&D
intensities (equation (8)) instead of an equation based on uncorrected weighted levels
(equation (D without country-sector specific Ils and ps) integrating a country with an

average R&D intensity in the global economy has no effect on the R&D construct.

Fourth, we introduce another effect of global integration that is easily clarified by
discussing the weighting coefficients, co and n. We use the following definitions:

U,f    II, t .1, ,t
ro,jk -Y·G     nifkl -Y G r M    '                                                                                       (9)

ik       ik i F
where U indicates intermediate-input use (superscripts D and M stand for domestic and
imported) and YG denotes gross production. Hence, integrating a formerly isolated

country, withan averageR&Dintensity, inthe global economy will affectthe knowledge
spillover ifthe import quote, approximated by the imported use over gross production,

goes up. This interpretation closely follows a returns to variety production function (see
DeGrootand Nahuis,1998). Hence, ifthe intermediate inputs ofaneconomy are useful,

spillovers increase.

We write our estimating equation (equation (4)) as:

R -(20/20)30=30, which is twice as large as the foreign R&D capital stock estimated from two distinct
countries. That is, the foreign capital stock suffers from an aggregation bias. This example is taken directly
from Lichtenberg and Pottelsberghe de la Potterie (1996). What is done in the remainder of the main text
can be explained by this example as follows: given that the theoretically relevant construct suffers from
an aggregation bias, the estimated coefficients for the spillover stock should be allowed to differ between
countries of different size.

17 In the estimations we do not have time-series variation in the weights.
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RD     1    RD    K I    RD
filt  .  C + BOD.y.w  + FIDE SM    g._1,1  + FFE E n"tk, -9.lki .v,k,. (10)

mt          14            lk,         1.6  1            jit

The results we report on in the next section are based on this expression. Note that the

explanatory variables in (10) are not literally growth rates as we substitute (8) in (4). We
replace the ys by ps to stress the relation between the parameters we estimate and those
that will be implemented in the AGE model. The ys we implement are thus bi-laterally
country and sector specific (as is required by our assumption motivated above; see

Appendix C for further det ilq).

3. Data and estimation

In this section we present the data that are used in the estimation procedure and the
model. First the dependent variable, TFP, is constructed. Second, we describe R&D
intensities for OECD and non-OECD regions. Finally, we present estimation results for
the specification discussed above.

3.1 TFP powth rates

Explaining differences in technological efficiency is our main interest. Our preferred
indicator of technological efficiency is Total Factor Productivity (further TFP) as it
measures the efficiency of the combined capital and labour inputs. This section shows
how we measure TFP growth.

We calculate the growth rate of TFP ( 13) for industry i in country k at time t by a

superlative index that is consistent with a translog function (see Diewert, 1976):

fikt  - 111-5£L l -O.5(aik,+aik,-1)ln   L- L 1 -(1-0.5(aik, +ark, -1))1  A ,ki  I  .             (11)
<  Yikt-1   \        ikt -1 j| l  Wik,-1,1

Value added, Y is in PPP-converted constant US dollars. Employment, L, is the number
of workers employed, Q is the capital stock estimated by the OECD and a is the wage-
income share (see OECD, 1999a).

Table 3.1 presents the mean annual TFP growth rates for the different regions,
from 1973 to the early 90s. Thenumbers presented inthe table are generated with OECD
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(1999a) data, using equation (11) as a starting point. We have adjusted employment for
hours worked.18

Table 3.1 Mean annual TFP growth rates (adjusted for hours worked)
Agriculture Raw Energy- Consumer Capital Total

Materials intensive Goods Goods services

Goods

US (73-93) 1.91 -0.94 0.39 0.96 1.50 0.13

Japan (73-95) -3.79 -0.65 -0.82 -0.40 4.19 -0.19

R-OECD (73-93) 1.66 -2.38 1.13 0.79 2.24 0.35

W-Europe (73-91) 1.01 1.09 2.75 146 2.80 1.12

Source: OECD (19991,), Maddison (1991) and own calculations.

Across countries as well as across sectors there is considerable variation in the growth
rates. Some results are worth emphasising. Europe's current strong position in Energy-
intensive Goods (including, for example, the chemical sector) is the result of a high

growth rate throughout the period. Remarkable is the low productivity growth in
ConsumerGoodsinJapan. The R&D-intensive CapitalGoods sector is the most dynamic
sector where the productivity leader - the US - has the lowest average growth rate. The
Services sector has experienced hardly any productivity growth, except for Western
Europe. The relative backwardness of the Japanese Agriculture sector arose due to low

productivity growth in the last three decades whereas productivity growth in US
Agricultureis relatively high. The results forRaw Materialshave to be takenwitha grain
of salt given the fact that this sector has been affected considerably by the oil crisis.

In general Europe's growthrate exceeds theUS' as a consequence of catching up.
The low Japanese TFP growth rates, despite substantial economic growth, reflect the
considerable capital deepening and increases in labour participation that are observed
in the last decades throughout Asia (see, for example, Young, 1995, and Kim and Lau,
1994).

3.2 R&D intensities

The size and importance of R&D spillovers between countries and industries depends
to a large extent on the knowledge stocks in the different sectors and countries. First this

18 The data on wage-income shares, value added, capital and employment are directly available from
the ISDB database, for details see OECD (1999b). The data series for hours worked are not sector specific.
The data series for hours worked for Italy is extended by assuming no change after 1985 whereas for
Denmark we use Maddison (1991. Table C9) data (with linear intrapolation).
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section describes the observed R&D intensities. These are based on data from OECD

(1999a) and UNESCO (1998, 1999). The former provides business-enterprise data for the
OECD at a sectorallevel, the latter provides business-enterprise data for the non-OECD
economies at a macroeconomic level. Second, we discuss the construction of the sectoral
and regional business-enterprise R&D intensities in WorldScan.

OECD regions
The ANBERD data base of the OECD (1999a) provides the value of R&D expenditures
for business enterprises of 15 OECD countries from 1973 to 1997 at a sectoral level

according to the ISIC2 classification. The data are highly disaggregated for the
manufacturing sectors but not for services. Moreover, for most countries no data for

Agriculture and Mining (Raw Materials) are included. The ANBERD data base contains
a residual (total, minus R&D in manufacturing and services) which has to be split up
between Agriculture and Mining.19

We combined the ANBERD data with the ISDB data (OECD, 1999b) to derive
R&D intensities per sector for the various countries. The latter database provides value
added data at a sectoral level. This enables us to derive R&D intensities per sector and

country. Table 3.2 reports these for the four OECD regions in WorldScan. In order to
derive the sectoral business enterprise R&D intensities for the OECD regions in
WorldScan, wesimply aggregate the country data to WorldScansectors andregions. We
assume that the underlying country data (see Table A.1) are representative for the
relevant WorldScan regions:

19 For the US, Agriculture and Mining is included in Services. We assume that the R&D intensity is
equal in these three sectors in the US. For more details is referred to Lejour and Nahuis (2000).

m With respectto thesectoralaggregation we assumethatthesectors Services and Trade and Transport
have the same R&D intensity which is approximated by the R&D intensity of services in the OECD data.
For the manufacturing sectors we aggregate the sectors S3100, S3200, S3300 and 53900 to the sector
Consumer Goods. The sector Capital Goods is simply 53800, while the sector Energy-intensive Goods
consists of the other desaggregated manufacturing sectors, S3400 to 53700.
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Table 3.2 Sectoral R&D intensities in WorldScan for the OECD

as ratio of sectoral value added (1990)

sectoral R&D Agriculture Raw Consumer Energy -int. Capital Services average

intensities Materials Goods Goods Goods

Western Europe 0.62 0.96 0.59 4.49 9.39 0.23 1.81

United States 0.53 0.53 1.11 5.23 15.22 0.53 2.21

Japan 0.10 2.65 1.16 8.10 10.64 0.12 2.25

Pacific OECD 0.18 0.46 0.61 2.42 7.07 0.41 1.00

Average OECD 0.45 0.68 0.92 5.34 11.84 0.36 2.05

Source: OECD (1999a, 1999b) and own calculations.

In general, the R&D intensities in the sectors Raw Materials and Agriculture are higher
than in Services, but lower than in Manufacturing. The variation within Manufacturing

is interesting. The R&D intensities in Energy-intensive Goods and Capital Goods are

very high, while they are relatively low in Consumer Goods. The latter consists of sub

sectors like Wood, Food and Tobacco, Textiles and Paper which are R&D extensive

sectors. The sector Energy-intensive Goods is R&D intensive because the sub sector

Chemicals, Rubbers and Plastics isincluded. The R&D intensity of other sub sectors like

Stone and Clay and Basic Metals is lower. The sector Capital Goods consists only of
Fabricated Metal products, which is very R&D intensive.

If wecompare the regions, we see that theUnited States and Japan carry outmost
of the R&D while Pacific OECD is lagging behind. The United States carries out
relatively much R&D in Capital Goods, Consumer Goods and Services, while Japan is

active in Energy-intensive Goods and Raw Materials. Western Europe carries out a lot
of R&D in Agriculture.

Non-OECD regions
UNESCO (1999) provides, for about 100 countries, the expenditures on R&D as ratio of
Gross National Product for several years in the 80s and 90s. For most countries data are
limited to a few years. The coverage, however, is wide. The R&D intensities vary widely
among the countries. In general these intensities are much lower for developing
countries than for the industrial countries. Table 3.3 presents the results for the non-
OECD WorldScan regions. R&D in the most developed region, South-East Asia, is the
highest.21

21 For our purposes we face two problems. First the data include all expenditures on R&D, not only
business enterprise. Second, the data do not include a sectoral division. The first problem is solved by
using Table 5.6 from UNESCO (1998). This statistical yearbook provides information on the R&D



Openness, Growth and R&D Spillovers, An R&D-amended Version of WorldScan 311

Table 3.3 R&D intensities for the non-OECD regions in 1995

R&D intel'tsitv total R&D, share BE' BE R&Db
Eastern Europe 0.90 47.1 0.42

Former Soviet Union 0.73 67.1 0.49

Latin America 0.55 29.5 0.16

Middle East 0.76 41.6 0.32

Sub-Saharan Africa 0.61 52.7 0.32

China 0.61 31.9 0.19

South-East Asia 1.33 70.0 0.93

South Asia & Rest 0.69 26.5 0.18
Source: UNESCO (1998, 1999).
' BE = business-enterprise R&D (as a share of total R&D)
  as ratio of GNP

For some regions the coverage is limited to a few countries, such as Sub-Saharan Africa
(only South Africa) and Middle East (only Turkey and Israel). The coverage for Former
Soviet Unionand EasternEurope, China, South Asia & Rest and South-East Asia is fairly
good. The business enterprise R&D intensities vary more widely thanthose of total R&D.
The numbers on the share of business enterprise R&D reinforce the differences; see for
example the effects on China and South-East Asia.

3.3 Empirical findings
This section presents the main empirical findings. The model in equation (10) is
estimated for all sectors WorldScan distinguishes. Appendix B presents robustness

analysis and results for the manufacturing sectors only. The results presented in this
section will be made operational in the AGE model in the next section.

One remark should be made beforehand. Our regression analysis has only two aims.
First we want to establish that the relations, found in the literature,22 can also be traced

expenditures by sector of performance. We interpret the productive sector in this table as business
enterprises. The second problem is solved by applying the average OECD relative R&D intensities to the
non-OECD regions. These relative intensities are multiplied by the business enterprise R&D ratio in Table
3.3. The results are shown in Table A.2.

22 For that aim it is problematic that we reduce the variation in the data considerably by aggregation
of the data to our desired sectoral and regional level. The relations we establish are confirmed by work
of Coe and Helpman (1995), Park (1995), Keller (199  and Verspagen (1997b) Later in this section we will
briefly discuss this research.
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at the aggregation level of WorldScan. Second, the estimates should provide parameters
for the AGE model we employ in the next section.

The aggregate model

Table 3.4 presents the regression results based on equation (10).

Table 3.4 OLS results for equation (10). Dependent variable is TFP.t
Variable (I) Direct effect (II) Direct + indirect e#ect (III) Domestic and Total
DD .216- .205- .167--

1.069] [.069l [.0741
ID 2.112 2.636

[.966] [1.0411
TF                                                                                                                          0.618

[.4571

R2 (adjusted) 0.02 0.03 0.03

N 432 432 432

t The sample period is 1973-1991. The sample consists of 6 sectors and 4 regions. All regressions
include a constant. The explanatory variables are lagged by one year. Standard errors are given in
parentheses under the estimates.:: and

-
denote statistical significance at the 10% level, the 5% level,

and the 1 % level. respectively.

First we include the own R&D stocks. We find a significant rate of return for the own
within-sector R&D stock. Inclusion of the indirect domestic R&D stock in column (ID
supports the hypotheses that within-region R&D spillovers exist. The estimated
coefficient for the indirect effect is relatively high, because we use weighting matrices of
which the columns do not add up to unity. Inclusion of the foreign spillover variable in
column (III) yields an estimate for our foreign R&D construct of 0.6. The estimate is not

very precise, however. The inclusiondoes not substantially affect the coefficients for the
domestic variables. This regression is our major input for the modelling exercise in the
next section.

How do these findings match with the literature? The initiating contribution on
international spillovers is the paper by Coe and Helpman (1995), further CH. They find
substantial technological spillovers among OECD countries. The elasticity of the level
of TFP with respect to foreign R&D embodied in traded goods is about 6%. Park (1995)
examines also country4evel data without an industry dimension. Labour-productivity
growth is explained by domestic R&D and foreign R&D weighted by technological
distance. The elasticity of weighted foreign R&D is 17-18% compared to 11% for
domestic R&D.
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Keller (1997) carries out a similar exercise to ours, be it on a more disaggregated
level. R&D in the'same' sector abroad turns out to have an equally strong effect on TFP

as R&D carried out by the sector itself. Verspagen (1997b) estimates production functions
and constructs the R&D spillover stock by using weights differently from ours. He uses
R&D stocks in a similar vein as CH. In the most comparable estimate to ours, he finds
anown-R&D elasticity of 9 to 10%. The indirect domestic elasticity varies from 3 to 6%,
and the foreign from 5 to 7.5%. To transform the estimated coefficient of ID, presented
in the table, to a number comparable to one where a weighting scheme with columns

summing up to unity is used, one should divide the estimated coefficient roughly by a
factor 5.23 This implies for regression (III) in Table 3.4 an elasticity of 30%, which is
considerably higher than for example Verspagen's. Sal<urai et al. (199D use comparable
data and estimate rates of return; they find an own-R&D elasticity of 13 to 17%. Our
coefficient for foreign R&D seems rather low (note that we pre-multiplied the R&D
intensities twice with a weighting coefficient with a sum less than unity).

4. WorldScan: a global applied general-equilibrium model

WorldScan has been developed to construct scenarios. WorldScan relies on the
neoclassical theories of growth and international trade.24 The standard neo<lassical
theory of growth distinguishes three factors to explain changes in production: physical

capital, labour and technology. WorldScan augments the simple growth model in three

ways. First WorldScan allows overall technology to differ across countries. Second, the
model distinguishes two types of labour: high-skilled and low-skilled labour. Sectors

differaccording to the intensity withwhichthey use high-skilled and low-skilled labour.
Countries can raise per capita growth by schooling and training the labour force. Third,
in developing countries part of the labour force works in a low-productivity, informal
sector. In this sector workers do not have access to capital and technology. Reallocation
of labour from the low-productivity sector to the high-productivity sectors enables

23 This is a very crude approximation, based on the fact that the sum of the input coefficients is 0.1 to
0.4 (recall that we exclude intra-sectoral use). As, in many estimations present in the literature, the
coefficients are adjusted such that they sum to one, we blow up our coefficient by a factor 2.5 to 10. On
average the adjustment factor is approximately 5. Section 5.2 in Chapter 9 shows more precisely how the
necessary adjustment of the estimated coefficient is to be performed.

24 An Armington trade specification amends the neo-classical trade theory. This is to explain two-way
trade and to allow for market power to determine trade patterns in the medium run, while allowing for
Heckscher-Ohlin mechanisms in the long run.
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countries to raise per capita growth as well. In principle - consistent with the neo-
classical growth theory - all these three factors affect the performance of a region only
temporarily. Catching-up of technology, training of low-skilled workers andreallocating
labour to the high-productivity sector do not raise the growth rate indefinitely.

The model applied in this chapter differs considerably from that in Chapter 10.
A comprehensive overview of the Chapter 10 version is provided in Geurts et al. (1995)
whereas this chapter's version is presented in detail in CPB (1999). Here we highlight
only a few differences. The modelin this chapter has less rigidities on labour and goods
markets (unemployment is exogenous and there is no inventory effect on prices). The
input-outputtable of the modelis completely filled inaccordance with the data, whereas
in the Chapter 10 version, the application of factor proportions-theory was guiding the
input-output structure (see Nahuis, 1999, for an elaboration). Where technology in
Chapter 10 was governed by an (ad hoc) technological catch-up mechanism, the version
on the basis of this chapter has exogenous technological change.

The simulations in Section 5 are variations on the so-called Globalization
scenario.25 The idea behind the scenario is that when developing countries grow fast or
start to grow rapidly, the linkages between the OECD and the non-OECD countries

intensify. Fast development outside the OECD area and liberalisation of capital, goods
and service markets produce closer economic integration of rich and poor countries.

More generally, the scenario extrapolates and probably exaggerates the current

globalization tendencies.

The Globalization scenario is optimistic about future economic progress in both
developed and developing regions. In this scenario marty poor countries catch up,
though not completely, with rich countries. Non-OECD countries grow at a per-capita
rate of about 4%. Only few countries have been able to maintain such a growth rate for
two decades or more.

In the scenario, trade liberalisation is not confined to trade blocs, but applies

globally. The OECD countries open up their markets further. Whereas barriers to trade
in manufacturing goods are already low, agriculture is still heavily protected in the
globalization scenario. Table 4.1 provides an overview of the average import and export
taxes in the OECD and non OECD in 1995.

25 CPB (1999) provides more details of the Globalization scenario. This scenario is akin to the High
Growth scenario which CPB and OECD have constructed for their collaborative study on globalization
and the consequences for the OECD countries (OECD, 1991·
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Table 4.1 Trade taxes in the OECD and the non OECD in 1995

sectors Agriculture Raw Energy-int. Consumer Capital Trade Services

Materials Goods Goods Goods and

Transport
average import tariffs (%)
OECD 32.0 0.4 2.9 11.0 2.6          1.1          0.3

non OECD 18.6 5.1 11.8 19.7 12.1 0.2 0.5

average export tariffs (%)
OECD -2.9 1.1 0.6 -3.9 0.3 3.7 2.4

non OECD 3.8 2.3 -0.6 2.6 0.1 1.1 1.2

Source: McDougall et at. (1998) and own calculations. A minus sign implies a subsidy.

Within manufacturing, the import tariffs are the highest for Consumer Goods. For

Energy-intensive Goods and Capital Goods which are often used as intermediate goods
the import tariffs are lower. The non-OECD regions often levy higher tariffs than the

OECD regions. The tariffs in the service sectors are very low, but the non-tariff barriers

are very high. The OECD countries subsidize their agricultural and food products (food
is a substantial part of Consumer Goods). For this reason the export taxes are negative.

Even though the Globalization scenario is perhaps not the most plausible one, we
take it as point of departure. The reason is that it stresses that linkages between

developed and developing regions can become stronger and spillovers between these

regions can become larger.

Incorporation of R&D in the model

WorldScan has been calibrated on the GTAP data base, Version 4 (McDougall et at.,
1998). From this data set we not only derive the demand, production and trade patterns,
but also the labour and capital intensity of the different sectors. The incorporation of
R&D affects the model and the data. To start with the latter, our base-year data derived
from the GTAP database do not include expenditures on R&D. We assume that these are

implicitly incorporated inthe intermediate deliveries onservices. Therefore, we subtract
theexpenditures onR&D from the GTAPdata onintermediate deliveriesonservices. As
described before the R&D data are derived from the OECD (1999a) and UNESCO (1998)

data for the base year 1995. We also subtract R&D expenditures from the value of

production. Based on the modified GTAP data we calibrate the production function.
Then we construct a new producer price as the unit cost price plus a mark up which
covers the R&D expenditures. As a result the volume of production times the new

producer price is equal to the production value in the original GTAP data. Total demand
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for services now consists of intermediate demand, investment demand, final
consumption demand and R&D demand. The total value of the demand for services is
still the same as in GTAP.

Reiterating for Section 2, TFP is a function of R&D stocks and the R&D-spillover
stocks

Fikt = A,kt RI D YDD<R,   YID<R   YF
, (12)

ys are the adjusted sector and countrycoefficients estimated in Section3. This adjustment
is necessary to translate the estimated equation in the equation above. Details are
provided in Appendix C. Theconstructs for the own R&D stock, the indirect and foreign
R&D stock were already defined in equation (5).

The sectoral R&D stocks in period t equal those in period t-1 - corrected for
deprecation - plus the R&D expenditures. The depreciation rate 6 is set at 5% for the
R&D stock in all sectors and regions.26 The R&D expenditures are by assumption a
constant fraction, RI, of sectoral value added in period t-1, thus

R, = RIY,-1 + (1-6)R,-1 (13)

We also use this equation to construct the R&D stock for the base year assurning that the
ratio of the R&D stock to value added is constant. The R&D stock equals

&= 18
Yo          6 +gr

(14)

in which gy represents the growth rate of value added. In the base year we calibrate A

by inverting equation (12) where we substitute the values of the R&D stocks. The value
of F follows from calibrating the production function.

In the scenario period, TFP grows due to an exogenous increase in A and an
endogenous increase in the R&D stocks. In the baseline without R&D we have imposed
an exogenous increase in sectoral and regional TFP in the model such that the model
produces the characteristics of the Globalization scenario. In the baseline simulations
including R&D we have assumed that the total increase in TFP was similar as in the
baseline without R&D. As a result the exogenous inaease in A is much lower in the

26 In theestimations. we assumed that R&D stocks did not depreciate. Some sensitivity analysis of our
simulations with respectto the assumed depreciation rate is presented in Appendix D. In Appendix D we
set 6 equal to zero. The qualitative results are not altered.
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simulations with R&D than without R&D. We follow this method to make the baselines
comparable to each other. The effects of trade liberalisation are then also comparable.27

5. Simulation results

This section presents the effects of trade liberalisation in case R&D is introduced in
WorldScart. We distinguishthe effects of trade liberalisation inthe presence of own R&D
efforts, of sectoral spillovers and of international R&D spillovers. These effects are
measured by comparing the results for two simulations: a baseline simulation without
trade policy and a policy variant consisting of trade liberalisation. First we present the
results of introducing R&D on GDP growth for the various regions in the baseline
simulation. Second, we turn to the macroeconomic effects of trade liberalisation and the
role of R&D (spillovers). Third, we discuss the sectoral effects for some regions.

Based ontheresults we carry out some sensitivity analysis. Weanalyse the effects
from an increase in R&D efforts in the non-OECD countries, which is to be expected if
these regions become more wealthy.28

5.1 Growth accounting
The incorporation of R&D and spillovers in our baseline simulation has a significant
effect onGDP growth in the model. While thus far a substantial part of GDP growth was
explained by TFP growth (CPB, 1999), the contribution of exogenous TFP growth is
declined in favour of growth in R&D and R&D spillovers. Table 5.1 shows the factors
that contribute to GDP growth in the various regions.

27 In the policy simulations we take the calculated increases in A as exogenous.

28 Appendix D contains two additional sensitivity analysis: (i) the analysis in the main text redone with
an R&D<apital depreciation rate of zero and (ii) the analysis is redone with modified elasticities of TFP
to R&D spillovers.
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Table 5.1 Growth accounting
annual contributions of the productive factors (1995-2020)

Country Western United Japan Pacific Eastern Former

Europe States OECD Europe Soviet

Union

employment -0.1 0.4 -0.2 0.4 0.0 0.2

capital accumulation 0.8 1.0 1.1 1.0 1.3            2.1

own R&D (RDD) 0.1 0.2 0.1 0.1 0.0 0.0

sectoral R&D 0.1 0.2            0.1 -0.1 0.1             0.1

spillovers (RED)
international R&D 0.1 0.1 0.0 0.2 0.2 0.1

spillovers (RD
total factor 1.4 0.8 1.2 0.6 2.9 2.9

productivity (A)
gross domestic 2.4 2.7 2.4 2.1 4.5 5.5

product
country Middle East Sub-Saharan Latin China South-East South Asia

& N. Africa Africa America Asia & Rest

employment 1.6 2.7 1.3 0.7 1.4 1.8

capital accumulation 3.1 2.0 2.5 4.2 3.1 2.6

own R&D (RDD) 0.0 0.0 0.0 0.0 0.1 0.0

sectoral R&D 0.1 0.1 0.1 0.2 0.5             0.1

spillovers (RID)
international R&D 0.1             0.1 0.1 0.2 0.2            0.1

spillovers (RF)
total factor 0.8 0.2 1.0 1.9 1.2 1.3

productivity (A)
gross domestic 5.7            5.1 4.9 7.2 6.4 5.9

product
Source: WorldScan simulations.

CPB (1999) explains that a substantial part of GDP growth in the non-OECD regions can
be attributed to the growth in employment. This is caused by population growth,
schooling and labour reallocation from the low-productivity sectors to the high-
productivity sectors. Onaveragecapital accumulationcontributesfor about40% toGDP
growth. The rest can be attributed to R&D and TFP. This is our main interest here.

According to Table 5.1 R&D explainsapart ofGDP growth which was attributed
to TFPbefore. Own R&D only contributes significantly to GDP growth inthe OECD and
South-East Asia, the regions that perform nearly all R&D inthe world. The relevance of
the sectoral and international spillovers varies per region. Below we will discuss these
issues at greater length. Table 5.1 shows that for most regions the spillovers contribute
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more to GDP growth than own sectoral R&D efforts. This is not surprising. In particular,
the sectoral spillovers are mainly driven by those goods which are relatively important
as intermediate goods such as Capital Goods and Energy-intensiveGoods. These sectors
are also relatively R&D intensive. This implies that the contribution of sectoral spillovers
to GDP growth is larger than the contribution of own R&D.

5.2 Trade liberalisation and GDP effects

The growth-accounting analysis learns that a part of TFP growth can be explained by

R&D. R&D growth thus raises GDP growth. This result is also confirmed in our analysis
of trade liberalisation. Without R&D in the model, the effects of trade liberalisation on
GDP are in general modest. We want to examine whether this is also the case if R&D is
included in WorldScan. We carry out a trade-liberalisation exercise in four different
cases. These cases are discriminated by the fact that:

• TFP is not affected by R&D
• TFP is only affected by own R&D expenditures
• TFP is affected by own R&D and sectoral spillovers
• TFP is affected by own R&D and sectoral and international spillovers.

The first simulation assumes no link between R&D and TFP. We assume that all regions
agree to abolish all their tariffs and export subsidies between 2000 and 2020. In the
sectors Agriculture and Raw Materials the import tariffs and export subsidies are

reduced by only 50%, because of the high initial rates of protection in these sectors. The
results are similar to those in Lejour and Tang (2000). The effects on GDP in the OECD
are modest but the Asian regions gain substantially in 2020, the end of the simulation
period. Also the GDP gains in Latin America are large.29 The first column in Table 5.2

presents these results.

29 The substantial GDP effects can partly be explained by the fact that we assume that the consumer
preferences for a certain variety (in the Armington demand functions) depend positively on the share in
global production of the region in which the variety is produced. In the trade-liberalisation simulation this
works as a multiplier: an increase in a region's GDP (share in the world) induces higher demand and
thereby easier market penetration, which again leads to an increase in GDP etc.
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Table 5.2 Cumulative GDP effects of trade liberalisation in 2020

region no R&D own R&D sectoral R&D international relative GDP

spillovers R&D increase due

(1)                 (2)                  (3)
spillovers (4)     to R&D (5)

United States 1.5 0.0 0.3 0.4 53.2

Western Europe 1.7 0.5 2.3 0.1 169.3

Japan 2.3 1.0 7.4 0.2 372.1

Pacific OECD 3.8 0.2 0.5 0.2 24.1

Eastern Europe 5.0 0.2 1.0 0.8 40.2

Former Soviet Union 1.6 0.1 0.2 0.2 36.2

Latin America 9.5 0.3 0.7 0.4 14.6

Middle East & N. Africa 4.8 0.3 0.4 2.1 58.8

Sub-Saharan Africa 5.0 0.1 -0.3 0.7 10.2

China 15.0 0.1 -0.5 0.9 3.4

South-East Asia 14.9 1.4 6.0 1.5 59.6

South Asia & Rest 15.9 0.2 0.4 0.6 7.0

Source: WorlciScan simulations. Some simulation results without depreciation of R&D stocks are presented
in Appendix D.

The second simulation assumes that increases in the sectoral R&D stock raise the TFP
level in that sector. This simulation does not take into account the sectoral and
international spillovers on TFP. Column (2) shows the additional GDP effects of trade
liberalisation on GDP due to own R&D expenditures. These extra effects are modest
except for Western Europe, Japan and South-East Asia. These regions specialise in

Capital Goods and Energy-intensive Goods. Trade liberalisation positively affects

growth in these sectors and thereby stimulates the R&D efforts.

Column (3) shows the additional GDP effects of trade liberalisation due to the
sectoral spillovers. These effects vary widely. In South-East Asia the sectoral R&D

spillovers increasetheGDPeffects of trade liberalisation with6%-points. InSub-Saharan
Africa and China however, the sectoral spillovers have a small negative effect on GDP.
The results vary by region because of the regional differences in the development of the
R&D-intensive sectors. From Table 3.2 we know that the sectors Capital Goods and

Energy-intensive Goods are R&D intensive. In regions that do not specialize in these

sectors, the R&D-intensive sectors become relatively less important during the process
of trade liberalisation. Then, the average R&D content of the intermediate goods
produced in the own region decreases. Examples are Sub-Saharan Africa and China. In

otherregionstheR&D-intensive sectorsexpand relatively quickly. Asaconsequence, the
average R&D content of the intermediate goods increases. This explains the sectoral
spillovers in Western Europe, Japan and South-East Asia. Thus, the importance of
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sectoral spillovers depends on the specialisation pattern. Regions can specialise in R&D-
intensive or R&D-extensive sectors. We will discuss this issue in greater detail below.

The international R&D spillovers further raise the GDP effects of trade
liberalisation, as can be seen in column (4) of Table 5.2. Its importance differs per region.
In general, international R&D spillovers are more important for the non-OECD regions
than fortheOECD regions. Non-OECD regions import relatively much from theOECD,
whose products are relatively R&D intensive, see also Table(s) 3.2 (and 3.3). An extreme

example is the Middle East. This region imports much more Capital Goods and Energy-
intensive Goods from the OECD due to trade liberalisation. As a result the international

spillovers are high.
Column (5) shows theincrease inthe GDPeffects of trade liberalisation withR&D

in the model relative to the GDP effects of trade liberalisation without R&D. On average
the GDP effects are raised significantly (due to R&D-based technology). China, Sub-
Saharan Africa and South Asia and Rest are exceptions, however.30

Sectoral and international spillovers
Above we have seen that the large variety in GDP effects of trade liberalisation due to
sectoral spillovers depends on the development of the R&D-intensive sectors. The sectors

Energy-intensive Goods and Capital Goods are very important in this respect for two
reasons. First these sectors are very R&D intensive. Second, these goods are intensively
used as intermediate goods. Table 5.3 presents some indicators of the development of
these sectors and their effects on regional R&D stocks in the process of trade
liberalisation.

30 Table 5.2 presents the GDP effects of trade liberalisation. These effects also include terms-of-trade
effects. Alternatively, we could presenttheeffects on the volumeof consumption. The effects in the initial
policy simulation without R&D in the model are different. The consumption gains for the Asian regions
are substantially lower than the percentage gains in GDP in Table 5.2. The effects of introducing R&D in
these simulations is the same as above, however. The same regions have relatively large sectoral or
international spillovers. All conclusions thus hold whether the analysis is based on GDP effects or
consumption effects.
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Table 5.3 Development of R&D-intensive sectors due to trade liberalisation in
2020

region absolute change in relative change in relative change in total
share of R&D- R&D stocks of R&D- R&D stocks

intensive sectors in intensive sectors
value added' (1)                     (2)                               (3)

United States -0.7 -1.5 -0.9

Western Europe 2.3 10.4 8.6

Japan 3.9 17.9 16.2

Pacific OECD -1.0 -0.7 1.1

Eastern Europe 0.7 8.9 8.4

Former Soviet Union -1.0 -1.6 -0.7

Latin America -0.6 2.9 4.3

Middle East & N. Africa -1.3 -5.3 -3.6

Sub-Saharan Africa -3.3 -13.4 -9.2

China -7.2 -9.9 -5.6

South-East Asia 3.9 30.6 28.3

South Asia & Rest -1.4 2.9 6.3

a The R&D-intensive sectors are the sectors Energy-intensive Goods and Capital Goods.

Source: WorldScan simulations.

WesternEurope, Japan, Eastern Europe and South-East Asia specialise inR&D-intensive
sectors (see, column (1)). These sectors are also high-skilled labour intensive, which

largely explains specialisation in these sectors by the former three regions (which are
relatively high-skilled abundant). In these regions, the share of R&D-intensive sectors
in value added rises. This enhances the growth of the R&D stocks in these sectors and

positively affects theregional R&D stocks. Thelast two columns in Table5.3 show ahigh
positive correlationbetweenthe changes in the R&D stocks of the R&D-intensive sectors
and the regional R&D stock. So, the sectoral spillovers are very high in regions which
tend to specialise in the production of R&D-intensive goods. The United States and
Pacific OECD specialise in Agriculture which is R&D extensive. As a consequence, their
sectoral spillovers are modest.31

The negative sectoral spillovers in China and Sub-Saharan Africa in Table 5.2 can

be explained in a similar way. These regions specialise in Consumer Goods and

31 The numbers in Table 5.3 are summary statistics. The first two columns in Table 5.3 give an
indication for themagnitudes in the third column. The latter gives an indication for the size of the sectoral
spillovers. However, there is no one-to-one relation with column (3) in Table 5.2. For example, the sectoral
spillovers for the United States are positive, while the relative change in the total R&D stock is negative.
This can be explained by different R&D-stock elasticities between sectors.
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Agriculture, respectively, at the expense of R&D-intensive goods. So their regional R&D
stocks decrease if trade liberalisation takes place. The sectoral spillovers for trade
liberalisation are thus negative for these regions.

The size of the international spillovers can analogously be explained by the R&D content
of the imports. These spillovers depend on the structure of the imports. Here the origin
of imports is important as well as the sectoral composition. Table 5.4 illustrates this.

Table 5.4 R&D content of imports due to trade liberalisation in 2020
region Absolute change in Relative change in Relative change in

share of OECD imports R&D content of import R&D content of total
in total imports (1) of R&D int. sectors (2) imports

(3)

United States -5.4 24.1 22.2

Western Europe 4.2 12.6 11.0

Japan 0.9 13.3 13.4

Pacific OECD -7.7 5.3 4.8

Eastern Europe -2.8 15.7 13.3

Former Soviet Union -5.1 12.1 11.0

Latin America -12.6                                  5.1                                    4.2
Middle East & N. Africa 7.8 51.5 46.2

Sub-Saharan Africa -9.6 10.7 9.9

China -3.5 8.3 9.5

South-East Asia 0.4 8.0 7.6

South Asia & Rest -4.3 18.2 16.8

Source: WorldScan simulations.

The importance of international R&D spillovers is determined by the R&D content of the

imports. Column 0) in Table 5.4 shows the relative increase in the R&D content of the

imports. It is very large for the Middle East which explains the large international
spillovers on GDP, see Table 5.2. The large increases in the R&D content of the imports
in the United States and South Asia and Rest also lead to relatively high international
R&D spillovers.32

The changes in the R&D content of the imports are affected by the changes in the
regional and sectoral structure of the imports. The columns (1) and (2) present two

32 As the numbers in Table 5.3, the numbers in Table 5.4 are only indicators of the size of the
international spillovers. A one-to-one mapping between the indicators and Table 5.4 is not possible
because of different R&D-stock elasticities for sectors and regions.
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indicators for these changes. Table 5.4 shows that most regions import less from the
OECD; the OECD regions that have the highest R&D stocks. The reason is that trade
liberalisation affects the relative consumer prices. The relative price of goods from the
non-OECD regions tends to become lower due to the elimination of tariffs. Only Japan,
Middle East and South-East Asia import relatively more from the OECD after trade
liberalisation. This has a positive effect on the R&D content of the imports for these

regions.

The changes in sectoral structure of these imports are very important. All regions
import relatively more R&D because they import relatively more R&D-intensive goods.
Trade liberalisation stimulates, in particular, trade in manufacturing products. The
reason is that the fallin trade barriers in these sectors is larger than in Services and Raw
Materials. In particular the United States and the Middle East import more of these

goods, which leads toaconsiderablerise intheR&D content of the imports. So, although
the sectoral spillovers in the United States are low, because it specialises in Agriculture,
the international spillovers are high due to the increased imports of Energy-intensive
and Capital Goods. Table 5.4 thus shows that the international spillovers are high if
regions importrelative much R&D-intensive goods and if the imports originate from the
OECD.

Above wehave analysed the contribution of R&D and its spillovers to the effects of trade
liberalisation. R&D magnifies the positive effects on GDP if the R&D content of the
intermediate goods is high. This can be achieved in two ways. The first is that regions
carry out a lot of R&D themselves. The second is that they import relatively much R&D-
intensive goods. The analysis shows a trade-off between specialising in R&D-intensive
goods and importing these goods. Western Europe, Japan, Eastern Europe, Latin
America and South-East Asia produce relatively much R&D-intensive goods. OIl the
other hand, their R&D-import content is low. These regions thus have high sectoral

spillovers compared to the international R&D spillovers (see Table 5.2).

The United States, Middle East, Sub-Saharan Africa, China and South Asia & Rest

import relatively much R&D-intensive goods. The contribution of R&D to the GDP
effects of trade liberalisationaremainly throughinternational spillovers in theseregions
whereas they experience low or even negative effects related to the sectoral spillovers.

Wage inequality

In spite of the relatively large GDP effects of trade liberalisation, the relative wages of
low-skilled workers are hardly affected inthe OECD. Table 5.5 shows the effects of trade
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liberalisation on the ratio of wages of high-skilled workers to those of low-skilled
workers.

Table 5.5 Impact of trade liberalisation on relative wages in 2020
relative wage of high to low-skilled workers

region no R&D own R&D sectoral R&D international I total

spillovers R&D spilloversi

(1)                    (2)                    (3)                                 :          (51(4)

United States -0.7 -0.1 0.0 0.0 -0.8

Western Europe 1.2 0.1 0.0 0.0 1.3

Japan 2.2 0.1 0.1 0.0 2.3

Pacific OECD -1.4 0.0 0.0 0.0 4.4

Source: Worl(Scan simulations. Numbers are absolute.

The columns in Table 5.5 distinguish the four different cases with and without R&D
spillovers. The wage ratio of the four OECD regions is about l.61. The numbers in the
table refer to absolute changes in this ratio. The effects of trade liberalisation on the
labour markets are very modest in the simulation without R&D spillovers. In Western
Europe and Japan the skill premium rises with 1 to 2%-points. In the other two regions
the skill premium decreases a bit because those regions specialise in Agriculture. Lejour
and Tang (2000) derive a similar result. The introduction of R&D and R&D spillovers in
TFP exerts a mild upward pressure on the skill premium in Western Europe and Japan.
Thereason for this small effect is (i) the low sensitivity of TFP for'own'-sector R&D and
(ii) the fact that high-skill / R&D-intensive sectors generate considerable spillovers
within the domestic economy towards low-skilled intensive sectors. The effect for the US

is explained by the fact that this region does not specialise in high-skill / R&D-intensive
sectors. From this analysis we conclude that R&D spillovers do not significantly affect
the position of low-skilled workers.

Comparing the results for wage inequality here with those in the previous chapter
reveals some remarkable differences. The relatively modest numbers presented in Table

5.5 compared to those in Table 5 in the previous chapter can be explained by differences
in the data, the model and the set-up of the experiment. First this version of WorldScan
is calibrated on the GTAP data base, whereas the version used in Chapter 10 was
calibrated on a data set constructed by CPB, see Geurts et al. (1995). Second, the
translation of the data to the model differs importantly. The Chapter 10 version had a

relatively empty IO-table which implied that considerable data manipulation was
necessary to replicate aggregate data. This rearranging of the data was done with factor-
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proportion theory in mind; that is, the production structure motivated the assignment
of output to a certain sector. In the GTAP-based version the data are simply replicated
as closely as possible. This difference implies that relative factor intensities across sectors
do not vary much in this chapter.33 Other differences in the two models relate to

rigidities; the versioninthis chapter has less rigidities onbothlabour and goods markets

(see also Section 4). Third, the experiments differ. Chapter 10 asks the question how
inequality inthe OECD would look like when the non OECD would have been isolated
from the OECD, whereas the issue here is what further integration would imply for

inequality.

5.3 Sensitivity analysis
In this section we examine how sensitive the results are for the assumption that the R&D
intensities in the non OECD remain as low as they currently are. We do so by
implementing a relation between the R&D intensity and GDP per capita.34

Increasing R&D intensities in the non OECD

So far we have assumed that the ratio of sectoral R&D expenditures to value added is
constant inthe simulation period. This seems to bereasonable for the developed regions
in which R&D expenditures do not vary substantially over time, but not for the
developing regions. The analysis of the R&D data of the UNESCO (1998) shows that
R&D intensities increase as countries become more wealthy (see Appendix A).
According to this analysis, the ratio of regional R&D expenditures to value added rises

byO.4%-pointsif per capita income doubles. Weanalyse theGDPeffects of thespillovers
once we introduce this relation in our simulations. In the benchmark simulations

presented above some spillovers were negative because the R&D content of the
intermediate inputsdecreased inthe presence of tradeliberalisation. Atthemoment that
the R&D intensities in the non-OECD regions increase, the R&D content of intermediate

goods will raise. Table 5.6 shows the results in deviation from those in Table 5.2

33 Nahuis (1999) extensively discusses why aggregation of data with factor-proportion theory in mind
is preferable for the type of exercises discussed here. See also Learner (1994a).

34 In Appendix D, we check the robustness of our results for the size of estimated coefficients and
present the results for an R&D-capital depreciation rate of zero.
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Table 5.6 Deviations in the cumulative GDP effects of trade liberalisation due to

increasing R&D intensities in the non OECD
region own R&D sectoral R&D international i total

(1)                     (2)                 R&D (3)                (4)
United States 0.0 0.0 0.0 0.0

Western Europe -0.1 0.0 0.0 0.0

Japan 0.0 0.1 0.0 0.0

Pacific OECD -0.1 0.0 0.2 0.1

Eastern Europe 0.0 0.3 0.1 0.3

Former Soviet Union 0.0 0.1 0.0 0.1

Latin America 0.0 0.5 0.2 0.7

Middle East & N. Africa 0.0 0.4 -0.2 0.2

Sub-Saharan Africa 0.0 0.4 0.2 0.6

China 0.3 0.5 0.2 0.9

South-East Asia 0.0 1.2 -0.1                 1.1

South Asia & Rest 0.5 0.6 0.1 1.2

Source: WorldScan simulations. All results are presented in deviation from Table 5.2.

Column (4) shows that only the non-OECD regions are seriously affected compared to
the case of constant R&Dintensities inthenonOECD. The effects on the OECD regions

are negligible. In the non-OECD regions, the sectoral spillovers are much larger. The
sectoral spillovers are positive for all regions. For all regions, except China, the total
sectoral effect - the sum of the columns (2) in Table 5.2 and 5.6 - is positive. And for
China this negative effect is much smallernow. The effects of the international spillovers
are ambiguous. However, the changes are fairly small.

6. Conclusions

Do R&D and R&D spillovers provide a link between openness and growth? The answer
to that question is affirmative according to our analysis. The introduction of R&D in our
AGE model always increases the effect of trade liberalisation. The size of the effect
depends heavily on specialisation patterns and changes in that pattern due to trade
liberalisation. A more intense relation with one sector or region often implies a less
intense relation with other sectors or regions. A change in the intermediate input
structure or trade pattern only raises productivity if it is a change towards R&D-
intensive sectors or regions.This is one of the main conclusions of this chapter. Although
R&D enlarges the benefits from trade liberalisation, the effects are region- and sector
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specific. Here the value added of our AGE model, WorldScan, comes in. It allows for

regional and sectoral detail. Therefore, we canmodelinter- and intra-regional spillovers
from R&D. Sectors and regions face a trade-off with respect to these spillovers. R&D
spillovers can be obtained by producing R&D-intensive and spillover-intensive goods
domestically or by importing them. In the former case the intra-regional (sectoral)
spillovers are important. Regions which have a comparative advantage in R&D-intensive

sectors rely on this mechanism. As producing R&D-intensive goods turns out skill- and

capital-intensive, the intra-regional spillovers are important for Western Europe, Eastern
Europe and Japan. Other regions which speciplize in Agriculture or that are not skill-
and capital-rich obtain the R&D spillovers by the international linkages. For some
regions the gains from trade liberalisation are even reduced by negative sectoral

spillovers. Inthe process of trade liberalisation, these regions specialise in R&D-extensive

products. As a consequence the R&D-intensive sectors move away to other regions.
These results do not advocate policies that hamper trade, as the gains from trade

liberalisation (with R&D in the model) are still (more) positive. Two policy options,
however, find support in the analysis. The first policy option is 'infant-industry'
protection. Selective trade liberalisation - protect the industries that are important for
intra-sectoral spillovers - mighthelp to benefit from the sizeable intra-national spillovers
along the international spillovers from industries that are less R&D intensive. Such a

policy, however, conflicts with WTOarrangements and is therefore further ignored. The
second policy option is stimulating R&D. If regions increase R&D expenditures, the
negative spillovers of trade liberalisation reduce or even disappear. Our analyses

showed that the sectoral spillovers then become more important. A policy which
stimulates R&D notnecessarily has tobe directed to the R&D-intensive sectors. Itmakes
sense to stimulate those sectors which produce goods that are often used as intermediate

input. However, as those goods are often imported, it could make more sense to target
R&D-stimulating policy to those sectors which are also often used domestically as
intermediate goods, such as services.
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Appendices

A. R&D data

Sectoral R&D data for OECD countries

Table A.1 R&D  intensities for various countries  at a sectoral level  in 1990 (ISIC2
classification)

Raw Food,

sectoral R&D Agriculture Materials Tobacco Textiles Wood Paper
Canada 0.18 0.46 0.48 0.73 0.65 0.76

Denmark 0.50 0.00 1.40 0.43 0.26 0.23

Finland 0.42 0.42 2.71 1.17 0.90 2.05

France 0.42 0.88 0.94 0.40 0.17 0.27

Gerrnany 0.93 0.93 0.43 0.64 0.67 0.34

Italy 0.00 0.00 0.26 0.04 0.04 0.01

Japan 0.10 2.65 1.91 3.52 0.00 2.57

Norway 0.97 0.97 1.46 0.89 0.75 0.68

Sweden 0.54 0.54 1.61 1.21 0.18 2.14

United Kingdom 0.75 1.01 1.32 0.27 0.33 0.34

United States 0.53 0.53 1.27 0.57 0.52 0.88

Chemicals.
Rubbers, Stone and Basic Fabricated

sectoral R&D plas. Clay Metals Metals Other Man. Services

Canada 4.59 0.51 3.01 7.07 0.96 0.41

Denmark 8.92 1.95 4.69 5.65 13.36 0.50

Finland 9.10 2.06 3.79 775 0.68 0.32

France 7.61 1.59 2.52 11.08 0.89 0.17

Gerrnany 8.12 1.63 1.02 9.34 1.29 0.12

Italy 5.80 0.24 1.58 5.89 0.27 0.13

Japan 12.88 4.92 4.70 10.64 0.36 0.12

Norway 7.44 0.00 6.87 8.78 0.28 0.34

Sweden 13.44 1.65 3.74 14.04 3.13 0.44

United Kingdom 12.09 1.28 0.63 11.06 0.69 0.48

United States 9.37 2A6 1.72 15.22 2.99 0.53

Source: OECD (1999a , 1999b) and own calculations.
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Sectoral R&D intensities in WorldScan for the non-OECD

Table A.2 Sectoral R&D intensities in WorldScan for the non-OECD

as ratio of sectoral value added

sectoral R&D intensities Agriculture Raw Consumer Energy Capital Services average
Material Goods Goods Goods

Eastern Europe 0.11 0.16 0.22 1.26 2.79 0.07 0.42

Former Soviet Union 0.12 0.19 0.25 1.45 3.22 0.08 0.49

Latin America 0.04 0.06 0.08 0.48 1.07 0.03 0.16

Middle East 0.08 0.12 0.16 0.94 2.10 0.05 0.32

Sub-Saharan Africa 0.08 0.12 0.17 0.96 2.13 0.05 0.32

China 0.05 0.07 0.10 0.58 1.29 0.03 0.19

South-East Asia 0.23 0.35 0.48 2.77 6.13 0.16 0.93

South Asia & Rest 0.05 0.07 0.09 0.55 1.21 0.03 0.18

Source: UNESCO (1998, 1999), OECD (1999a, 1999b) and own calculations.

Trend in R&D expenditures
In WorldScan, we model the R&D stock as a capital stock: the R&D stock in the previous period
(corrected for depreciation) plus the outlays in the current period. These outlays are derived
froman exogenous ratioofvalue added to R&D investment. Our analysis of the UNESCO (1998)
data shows thatlow-incomecountries spend relatively less on R&D thanhigh-income countries.
Figure A.1 shows the correlation between the R&D expenditures /GDP ratio and log GNP per
capita (Worldbank, 1993 for about 85 countries in 1995.
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Figure A.1. R&D intensity and income per capita
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From this figure we see a positive relationship between economic development (measured by
GNP per capita) and expenditures on R&D. This relationship follows also from a simple OLS
regression:

RD/GDP = -2.13 + 0.38 log (GNP per capita)
(0.41) (0.05)

This regression shows that if GNP per capita doubles, the R&D-GDP ratio increases by 0.38%-
points.35 So, if low-income countries develop, their R&D-GDP ratio will increase substantially.
We use this result in the sensitivity analysis reported on in the main text.

B. Sensitivity analysis for the regression results

This appendix contains two tables with regression results to corroborate the robustness of the
findings in the main text. First, we present analogous regressions to those in the main text, but
now for manufacturing only. The second table includes some regressions in'levels'.

We re-evaluate the results for the manufacturing sectors only as we are mainly interested
in international spillovers and the bulk of the international trade concerns the manufacturing
sectors.36

35 Standard errors are reported between parenthesis. The adjusted Rl is 0.45.

36 Excluding the Agriculture and Raw Materials sector is motivated by the fact that the R&D data for
these sectors are far Iess reliable.
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Table B.1 OLS results for manufacturing; equation (10). Dependent variable is TFP3
Variable (1) Direct e.#ect (ID Direct + indirect (III) Doniestic and (IV) Domestic and

effect Total Foreign
DD .158" .124 0.096 .162

1.069] [ 07] [.073  [.0791
ID 2.408- 2.943 3.797

[1.045] [1.111 [1.175]

TF 0.541

[.3861
DF' 0.107

[.4361
IFE 10.627

14.8441

Rz (adjusted) 0.02 0.04 0.05 0.06

N 216 216 216 216

'Sample period is 1974-1991,3 sectors and 4 regions. All regressions include a constant. The explanatory
variables are lagged by one year. Standard errors are given in parentheses under the estimates., ; and

denote statistical significance at the 10% level. the 5% level, and the 1 % level, respectively.
a Direct Foreign: only the diagonal element of import IO matrix are non-zero.
b Indirect Foreign: the diagonal element of import IO matrix are zero.

The results are not dramatically different from those in the main text. Surprisingly, the
regression in column (IV) in Table B.1 indicates that for manufacturing sectors the indirect
foreign spillovers are only important.

Table B.2 OLS results for aggregate model; equation (B.1). Dependent variable is ln(TFP).'
Variable (I) Direct e ct (II) Direct + indirect e ct (HI) Domestic and Foreign

DD .189- .184- .159-

[.026] [.0251 [.0271

ID 1.14- 1.538-

[.3781 [.4111

TE                                                                   .410-

[.1731

Rz (adjusted) 0.78 0.78 0.78

N 456 456 456

' Sample period is 1973-1991,6 sectors and 4 regions. All regressions include sector-specific constants and a
time trend. Standard errors are given in parentheses under the estimates. ', ; and

- denote statistical
significance at the 10% level, the 5% level, and the 1 % level, respectively.

In Table B.2 we present analogous regressions to those in the main text but now estimated in
'levels'. Columns (I) to (III) in Table B.2 are analogous to columns (I) to (III) in Table 3.4 in the
main text. The estimations are based on the integrated version of equation (10):
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LRD      1     2 RD K 1 , RD
logF, t =

Ct+BDDL --7-1#+PIDI 0), kI -vkr + BFE In,k, I -Y-/+u,kt                  (B.1)T=O i
Ih

1.1                 . ,0            1  J/cr                         1.k        1                       7 .0              11-r

This is an expression in'levels'. Given our aim, we do not extensively discuss econometric issues
related to the estimation of equations in levels with variables that are non-stationary.37 The
elasticities estimated here are somewhat lower than those in the main text. The coefficient on
foreign R&D differs now significantly from zero.

The results in the main text are not very sensitive for the lag structure - of one year- that
we impose. We do not report these regressions. These are available upon request.

C. Calibration

From estimation to implementation in WorldScan
We want to introduce equation (3)  in the model. Hence, we need to integrate equation (10) as
we estimated in growth rates and theory requires an implementation in levels.38 Rewrite the
right-hand side of equation (D for the indirect spillovers as follows:

E tlfik cohik Rht    I       n   co   R

h•i   R 0        2    -,Pk 'ik  'k   RA,                                                                    (C.1)
rk                       I ,k Qhik Rhk

and integrate this expression and substitute the result in (3) to obtain:

3/ \ ID
Y,k,      ,  F

F,k,  - A,k, R,„ ':1 I '13'ket"t Rt,t     {Ri"1'. I
(C.2)

j,i

The corrected estimated coefficient is sector specific, namely:

37
Estimating variables that are individually non-stationary is possible if the combination of variables

is cointegrating. That is, if a linear combination of the variables exists which, in a regression, yields a
stationary error term. The t-statistics should however be interpreted with caution. Moreover, the
robustness of theCoe and Helpman results to theestimation method isestablished by Engelbrecht (199D.
Estimations in log difference yields similar and significant results to the estimation of the cointegrated
relations. Kao, Chiang and Chen (1999) use modern panel<ointegration techniques to redo the Coe and
Helpman estimations and confirm most findings; most t-statistics turn out considerably lower (some are
reduced by half).

38 We use the equation in levels to allow for effective spillovers that are affected by changing trade
patterns. In practice, we do allow the international trade pattern to vary in the simulations. The IO
relations, relevant for R&D spillovers, are kept at the baseline level in the policy experiments.
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E Iltik <Dhik Rhk 1 RlD _ aID 11*i -  1:110 T.· 2£ (C.3)
Yik    --   P                       ID                 -     r      t:; 00"ik  Yl,1R

ik

One can follow an analogous procedure for the own R&D stock and the foreign R&D stock.

D. Simulations without depreciation and with variation in the estimated coefficients

This appendix discusses two additional sensitivity analyses of the results presented in Section
5.2 of the rrtain text.

No depreciation
In the rrtain text we apply a depreciation rate of R&D capital of 5%. In the estimations we
assumed, however, that the depreciation rate was 0%. Table D.1 reports the differences between
such an experiment and the results in the main text.

Table D.1 Cumulative GDP effects of trade liberalisation in 2020
without depreciation

region own R&D sectoral R&D international    E   relative GDP

spillovers R&D spillovers  : increase due to

(2)                 (3)
(4)          i     R&D (5)

United States 0.1 0.5 0.7 83.6

Western Europe 0.6 3.1 0.2 227.5

Japan 1.4 10.5 0.3 524.2

Pacific OECD 0.3 0.6 -0.4 13.0

Eastern Europe 0.3 1.3 1.2 55.2

Former Soviet Union 0.2 0.3 0.4 53.8

Latin America 0.4 0.9 -0.1 12.7

Middle East & N. Africa 0.4 0.6 5.0 125.1

Sub-Saharan Africa 0.1 -0.4 0.8 11.4

China 0.2 -0.7 1.2 4.4

South-East Asia 1.8 7.8 2.7 82.5

South Asia & Rest 0.2 0.4 0.8 9.0

Source: WorldScan simulations.

If one compares the results in Table D.1 with Table 5.2 in the main text it follows that the GDP
effects of trade liberalisation are in generallarger. This is in particular the case for those regions
in which the extra effects of incorporating R&D are fairly large in the benchmark simulation; the
ones with large sectoral R&D spillovers.
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Sensitivity to the estimated coefficients
The importance of the sectoral and international spillovers depends on the size of the R&D
elasticities in the TFP function (see equation (12)). We change these elasticities to get some idea
of the sensitivity of changes in these elasticities on the GDP effects of trade liberalisation. In the
benchmark simulations our starting pointis the estimated elasticities of own R&D, sectoral R&D
and international R&D which are equal to 0.167, 2.636, and 0.618 respectively (see Table 3.4).
These elasticities are modified such that the appropriate ys for every sector and region are
implemented in the model. In this sensitivity analysis we assume that the estimated elasticities
for the sectoral and international spillovers are equal. We use a value of 1.674, the average of the
estimated elasticities. Table D.2 presents the deviations of the GDP effects of the simulations
where the R&D elasticities are modified, compared to the simulations in Table 5.2. As only the
GDP effects which are related to the sectoral and international spillovers are modified, Table 5.8
presents only these deviations and the deviations in the total GDP effect.

Table D.2 Deviations of cumulative GDP effects of trade
liberalisation in 2020 R&D elasticities are modified

region sectoral R&D international R&D
 

total

spillovers spillovers %
12)                        O)            i

United States -0.1 0.5 0.4

Western Europe -1.0 0.2 -0.7

Japan -3.5 0.3 -3.2

Pacific OECD -0.2 0.4 0.2

Eastern Europe -0.4 1.1 0.7

Former Soviet Union -0.1 0.4 0.3

Latin America -0.3 0.6 0.3

Middle East & N. Africa -0.2 3.3                     3.1

Sub-Saharan Africa 0.1 1.1 1.2

China 0.2 1.4                      1.5

South-East Asia -2.5 1.8 -0.7

South Asia & Rest -0.2 0.9 0.7

Source: WorldScan simulations. All results are presented in deviation from Table 5.2

Not surprisingly, Table D.1 shows that the effects of the sectoral spillovers are smaller, while
those of the international spillovers are larger. Lejour and Nahuis (2000) more elaborately
discuss the sensitivity analyses.
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Samenvatting (Summary in Dutch)

Dit proefschrift behandelt twee samenhangende thema's: economische groei en

inkomensongelijkheid. Economische groei bepaalt de grootte van de economische koek;
de mate van ongelijkheid geeft aan hoe die koek verdeeld wordt. Deze thema's worden
aan de hand van twee concrete vragen behandeld. Ten eerste: wat is de verklaring voor
de in de jaren tachtig toegenomen ongelijkheid tussen werkenden met een hoge en
werkenden met een lage opleiding? De tweede is: hoe kunnen we verklaren dat de
technologische ICI'-revolutie wat betreft gemeten productiviteit weinig lijkt op te
leveren? Beide vragen worden belicht vanuit het perspectief van de kennisgedreven
economische groei.

De eerste empirische vraag betreft de achtergrond van de veranderde verhouding
van de beloningsvoeten van mensen met een hoge en mensen met een lage opleiding.
Het meest in het oog springende fenomeen is de sterke toename van de relatieve

beloning van hooggeschoolden ten opzichte van laaggeschoolden sinds het einde van
de jaren zeventig. Deze toename is vooral waar te nemen in de Angelsaksische landen.
Het is niet onwaarschijnlijk dat dezelfde krachten die voor deze loonongelijkheid
verantwoordelijk zijn ook de werkloosheid onder voorallaaggeschoolden sterk hebben

doen oplopen op het West-Europese vasteland. Dit proefschrift zal echter alleen
aandacht besteden aan de Angelsaksische vorm van toegenomen ongelijkheid.

Aangezien het (relatieve) aanbod van hooggeschoolden al decennia lang stijgt, is een
toename van de relatieve prijs opmerkelijk Deze prijsstijging heeft zich overigens door

de jaren heen niet gelijkmatig voorgedaan: in de jaren zeventig daalde de relatieve

beloning van hooggeschoolden, in de jaren tachtig steeg deze sterk en in de jaren
negentig lijkt ze te stabiliseren.

De tweede empirische vraag betreft de verklaring voor de zogeheten

'productiviteitsparadox'. Terwijlde veelbelovende ICI'-revolutie de economie op allerlei
manieren binnendringt, weigeren de statistieken weerbarstig iets van dat moois te laten
zien. De productiviteitsgroei is teleurstellend. Hoewel de huidige groei zeker in de VS,

heel hoog is, blijft de paradox bestaan. De enige bedrijfstak namelijk - hoewel geen
onbelangrijke - die enorme groeicijfers laat zien, is decomputerproducerende industrie.

Alle bedrijfstakken die computers hebbeningezet om productieprocessen te stroomlijnen
laten echter nog immer lage groeicijfers zien. Een paradox dus.

Beide vragen worden geanalyseerd vanuit een perspectief waarbinnen groei
wordt gedreven door kennisaccumulatie. Wat is er bijzonder aan een dergelijke groei?
Kennis is een goed met bijzondere karakteristieken. Het is niet-rivaal (het gebruik door
Oon economische agent sluit niet uit dat een andere agent het goed ook nog kan
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gebruiken; iets dergelijksisniethet gevalbij fysieke goederen) enkennisis inbelangrijke
mate ook niet-uitsluitbaar (het is deels niet te voorkomen dat anderen 'jouw' kennis

gebruiken). Het perspectief op kennisgedreven groei dat sinds de tweede helft van de
jaren tachtig opgeld doet in de literatuur, maaktspecifieke aannamen daar waar het gaat
om de uitsluitbaarheid van kennis. Bedrijven, gedreven door winstbejag, doen aan
onderzoek en ontwil<keling (0&0) om kennis te produceren die ze zich met een patent
toe-eigenen. De veronderstelling is dat ze bij het doen van 0&0 kosteloos gebruik
maken van alle kennis die voorhanden is (die kennis is dus niet-rivaal en wordt
verondersteld slechts uitsluitbaar te zijn daar waar het gaat om gepatenteerde

toepassingen in productie).
Dit proefschrift introduceert op dit perspectief drie amendementen. Ten eerste,

kennis is ook deels uitsluitbaar daar waar het gaat om toepassingen in 0&0. Dat wil
zeggen, veel kennis wordt geheim gehouden door de ontwikkelaars of is alleen
bruikbaar voor het bedrijf dat de kennis zelf ontwikkeld heeft. We noemen deze kennis

specifiek. Ten tweede - en direct gerelateerd aan het eerste - om van kennis, die door
anderen ontwikkeld is, gebruik te kunnen maken in 0&0 moet een bedrijf expliciet
inspanning leveren om die kennis te vergaren. We noemen dit het assimileren van
kennis. Deze twee amendementen, die betrekking hebben op de mate van
uitsluitbaarheid van het kennisproduct, hebben gevolgen voor de prikkel die bedrijven
laat investeren in kennis. Als iedereen het geproduceerde goed kosteloos zou kunnen
gebruiken, en kennis zou een soort publiek goed zijn, voelt niemand zich geroepen de
kennis werkelijk teproduceren. Ditzoubetekenen dat de markt eensociaal sub-optimaal
lage kennisproductie levert. De hoofdstukken 7 en 8 analyseren deze aspecten voor de
boven gerntroduceerde hypothesen betreffende de uitsluitbaarheid van kennis. Het zou
onder deze hypothesen zeer wel mogelijk kunnen zijn dat de markt teveel kennis

produceert.
Een derde beperking van het gangbare perspectief in de literatuur is dat ze alleen

oog heeft voor incrementele innovaties; de 1<leine stappen vooruit. Echter, het behoeft

weinig toelichting dat het grote doorbraaktechnologieen zijn die richting geven aan de
meer incrementele innovaties. Denk maar aan de stoommachine, het gebruik van
fabrieken om werk te organiseren en, meer recent de computertechnologie. Dit
proefschrift brengt de interactie tussen incrementele innovaties en
doorbraaktechnologieen voor het voetlicht.

Wat kunnen we nu vanuit het boven geschetste kennisaccumulatieperspectief zeggen
over de'productiviteitsparadox'?
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Zijn bedrijven en masse in automatisering gaan investeren zonder dat het ze wat

oplevert? Domheid als verklaring isnatuurlijk weinig bevredigend. Maar wat is het dan
wel? Het zou zo kunnen zijn dat de statistici hun werk niet goed doen. Deze verklaring
kent twee varianten. Volgens de ene variant levert al het moois wel degelijk iets op: het
verhoogt de consumentenmeerwaarde. Denk aan het gemak van buiten kantooruren

geld te kunnen verkrijgen via een geldautomaat. lets dergelijks meten de statistici niet
gemakkelijk. De tweede variant stelt dat het overgrote deel van de
computertoepassingen plaatsvindt in de dienstensector en dat is een sector waar de
statistici al helemaal niet uit de voeten kunnen. Dit soort verklaringen - van het type
handdoek-in-de-ring - zal zeker een deel van de puzzel op kunnenlossen, maar hoeveel
is niet duidelijk. Dit proefschrift zoekt alternatieve verklaringen voor de paradox. Het
basisidee in dehoofdstukken3 en4 is dat een doorbraaktechnologie als de ICI'-revolutie
niet direct productief (inte zetten) is. Werknemers -hooggeschoolden vaak- moeten er

mee aan de slag: ze moeten uitproberen, kijken hoe andere bedrijven ermee omgaan,
experimenteren, enzovoorts. Het duurt even voordat ze goede toepassingen hebben
ontwikkeld voor hunspecifiekeomstandigheden. Datde veranderaars daarbij denodige
weerstand moeten overwinnen, behoeft nauwelijks toelichting (dit aspect wordt apart
in hoofdstuk 5 belicht). Het gegeven dat eerst de nodige inspanning geleverd moet
worden om nuttige toepassingen te ontwikkelen verklaart de paradox. Immers, als

hooggeschoolden experimenteren en proberen doen ze niet meer waar ze mee bezig
waren: produceren (hoofdstuk 4) of direct nuttige verbeteringen in het productieproces
introduceren (hoofdstuk 3). Wanneer zich een technologisch veelbelovende
doorbraaktechnologie aandient zullen de productie en de groei in eerste instantie dus
dalen. Bedrijven zijn dus niet dom, integendeel, ze kijken vooruit en huren zelfs extra

hooggeschoolden in om goede toepassingen te ontwikkelen. Deze grotere vraag naar
hooggeschoolden drijft hun beloning op. Hiermee verklaart de doorbraaktechnologie
beide empirische puzzels in an keer. De toegenomen ongelijkheid tussen laag- en
hooggeschoolden wordt hier toegeschreven aan de verhoogde productiviteit van de
laatsten, door het voorhanden komen van een doorbraaktechnologie. Is dat plausibel?
Twee argumenten ten faveure: (i) zowel de ICI'-investeringen als de loonongelijkheid
hebben min of meer gelijktijdig een acceleratie laten zien (rond 1980) en (ii) de druk op
de loonongelijkheid neemt in de meest recente jaren weer at de besproken modellen

'voorspellen' dit.
Een rigoureuze zoektocht naar mogelijke oorzaken voor de loonongelijkheid is

te vinden in hoofdstuk 2. Dit hoofdstuk bespreekt alternatieve verklaringen als
gewijzigde wetgeving (verlaging van het minimum loon etc.), meer concurrentie van

lagelonenlanden en'iets' met technologie. Deze zoektocht door de bestaande literatuur
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levert een aantal conclusies op. Ten eerste: vele onderzoeken wijzen de
handelsverklaring af op ondeugdelijke gronden. Ze onderkertnen namelijk niet dat
economische statistieken op een basis worden samengesteld, die een overtuigende
toetsing van de theorie zeer bemoeilijkt. Daarnaast is de toetsbare voorspelling van de
handelsverklaring en van de technologieverklaring in sommige gevallen gelijk. Een
tweede conclusie is dat de rol voor institutionele veranderingenbeperkt lijkt. Ten derde,
de technologische verl<laring voor ongelijkheid is een restverklaring. Dat laatste wil

zeggen dat alle ongelijkheid die niet door andere factoren te verklaren is, wel door
technologie veroorzaaktmoetzijn. Dezeredeneringsnijdthout. Echter, gegevendeeerste
conclusie betekent het dat we met lege handen staan: technologie en handel kunnen
beide een rol spelen. Deze les, die onvermijdelijk volgt uit de drie conclusies, leidt tot

twee onderzoekstrategieen.
De eerste strategie onderzoekt of we kunnen bepalen hoe groot de rol van handel

maximaalis in het veroorzaken van de ongelijkheid? In hoofdstuk 10 wordt met behulp
vaneenalgemeenevenwichtsmodelvoordewereld (WorldScan) hetvolgende'wat-als'-
experiment uitgevoerd: wat zou de loonongelijkheid zijn geweest als er helemaal geen
handel met lagelonenlanden mogelijk zou zijn geweest? De loonongelijkheid zou dan
met de helft minder zijn opgelopen. Dit betekent dat er nog meer aan de hand moet zijn.

De tweede onderzoeksstrategie zoekt daarom een verklaring voor het gegeven
dat de technologie zich gunstig ontwikkeld heeft voor hooggeschoolden. Getuige de

logica dat bedrijven met een winstoogmerk technologie ontwikkelen is deze
onderzoeksvraag zeker gerechtvaardigd. Hoofdstuk 6 laat zien dat de toename van het
aantal hooggeschoolden z6lf waarschijnlijk de katalyserende factor is voor het
ontwikkelen van die kennis. Hooggeschoolden zijn vooral kenniswerkers en verrichten

niet-direct-productieve arbeid. Kenniswerkers produceren kennis en maken daarbij
gebruik van kennis. Dit laatste is cruciaal: meer hooggeschoolden betekent dat er meer
kennis wordt geproduceerd die de hooggeschoolden vervolgens weer productiever
maakt. Deze asymmetrische technologische ontwikkeling zorgt ervoor dat de beloning
van hooggeschoolden relatief omhoog gaat.

Een tweede mechanisme dat zou kunnen verklaren waarom de technologie zich
gunstigheeft ontwikkeld voorhooggeschooldenis belichtinhoofdstukll. Hierinwordt
de hypothese onderzocht dat handel met lagelonenlanden de katalyserende factor is in

detechnologieontwikkeling. Deze synthesevanbeide voorgaandeonderzoekstrategieen
is als volgt vormgegeven. Eerst meten we de relatie tussen kennis (0&0), handel en
technische ontwikkeling (Dit wordt overigens in hoofdstuk 9 op iets fijnzinniger wijze

gedaan; de uitkomsten zijn kwalitatief overeenkomstig). Vervolgens wordt in een
geamendeerdeversievanheteerdergenoemdealgemeenevenwichtsmodel(WorldScan
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met0&0) geanalyseerd of toenemendehandel de productiviteitinsectoren waar vooral

hooggeschoolden actief zijn, relatief sterk doet toenemen. Dit blijkt niet het geval.

Wanneer het geheel van de onderzochte verklaringen voor de toegenomen
loonongelijkheid tegen het licht gehouden wordt is moeilijk aan de conclusie te
ontkomen dat de belangrijkste verklaring te vinden is in debinnenlandse technologische
dynamiek.
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I) Het niet goed meten van de activiteiten van kenniswerkers tijdens VII) Gegeven dat technologie ontwikkeld wordt, slechts dan wan-
de transitie volgende op de computerrevolutie kan betekenen dat we neer er veel mee te verdienen valt zijn 'veilig vrijen'-campagnes
een groeivertraging meten terwijl de economie opleeft (H4). welhaast een misdaad tegen de met HIV-besmette bewoners van het

Afrikaanse continent.

II) De loonongelijkheid tussen hoog en laag opgeleiden in de VS zal
niet verder toenemen wanneer de productiviteitsontwikkeling in de VIII) Dat het huwelijk de mooiste dag van je leven is mag zo zijn;
ICT-gebruikende sectoren zal gaan stijgen (H4). wanneer het nut van de laatst uitgegeven gulden werkelijk gelijk is

aan dat van de mogelijke alternatieve uitgaven zou je kunnen over-

III) Dat ouderen zich meer behoudend opstellen is volledig rationeel; wegen of de trouwdag niet de laatste dag van je leven zou moeten
echter het kan wel maatschappelijk kwalijke gevolgen hebben (H5). zijn.

IV) Toenemende loonongelijkheid tussen hoog- en laaggeschoolden IX) Het geven van een terugkeergarantie aan vertrekkende werkne-
is zorgwekkend; wat echter nog meer reden geeft tot zorg is het feit mers is op puur economische gronden niet uit te leggen.
dat een stijging van het aantal hooggeschoolden de ongelijkheid
alleen maar verder doet toenemen (H6). X) Gezien de spreekwoordelijke Nederlandse tolerantie is niet te

begrijpen dat het woord aanstootnemend niet bekend is en aanstoot-

V) Het feit dat een wiel maar eens hoeft te worden uitgevonden en gevend wel.
dat toch iedereen moet leren fietsen, kan ter illustratie dienen van
het gegeven dat innovaties elkaar mogelijk te snel opvolgen (HD. XI) "Tussen droom en daad . . . . . . ." wordt te vaak uitgelegd als een

reden om maar niet meer te dromen.

VI) De correcties en aanvullingen op details van krantenberichten

suggereren ten onrechte dat de rest van de berichtgeving wel juist XII) Zolang de ANWB op kruispunten richtingaanwijzers plaatst
zal zijn (zie ook: E.E.C. van Damme, H.L.F. de Groot G.H.A. van voor'alle richtingen' lijkt het meer dan wenselijk dat ze niet richting-
Hagen, P.J.J. Herings, Th. Leers en R. Nahuis, "Economie in de gevend zijn in het rekeningrijden-debat.
krant" ESB no. 4117, Augustus 1993.
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