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Foreword

Canada as part of a larger project on Competitiveness and Trade

Performance. The project was designed to explore why Canadian indus-
try has performed so poorly over the past 20 years ant to compare Canada's
performance with those of other industrial and newly industrialized nations.
Studies show that Canada's position has been slipping relative to that of its
trading partners, and that this jeopardizes future living standards. The project
also provides valuable information about the feedback between the micro-
world of management and labour and the macro-world of inflation and
exchange rates. Its primary conclusion is that Canadians have not responded
quickly or effectively enough to the challenges that have been taking place in
international markets. The Council's findings were published in February,
1992 in a Statement titled Pulling Together: Productivity, Innovation, and
Trade.

Research and Development improves productivity through cost reduction
or through market expansion. Pierre Mohnen was asked to meet two objec-
tives in this study: first, to survey the existing literature pertaining to the link
between R&D and productivity growth, comparing the social and private rates
of return on R&D; and second, to estimate the contribution of domestic and
foreign R&D to Canadian manufacturing productivity growth.

The author found that the rate of return on private R&D is greater than the
rate of return on physical capital. Furthermore, higher rates of return are
obtained: from basic research than from applied research; from company-
funded R&D than from publicly-funded R&D; and from R&D directed to
generate new production processes than from new products. The benefits from
R&D in one sector also spill over onto other firms. Thus, the social rate of
return from R&D is substantially higher than the private rate of return.

Professor Mohnen’s results suggest that Canadian manufacturing as a
whole benefits from foreign R&D spillovers. They also suggest that the return
on foreign R&D is lower than on domestic R&D —although there is still some
controversy about this finding.

This is one of several studies commissioned by the Economic Council of

vii




Some of the author’s findings are puzzling. Further research would clarify
such issues as the relative contribution of imported versus domestic R&D; and
the paradoxical finding that the rates of return are higher on private than on
public R&D, and that they are also higher on basic than on applied R&D —
considering that most basic R&D is conducted in the public sector.

Because the Economic Council closed in June 1992, this study is being
published by the Canada Communication Group.

Pierre Mohnen is a member of Département des sciences économiques,
Université du Québec a2 Montréal.

Judith Maxwell
Chairman
Economic Council of Canada
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Summary

between R&D and productivity growth and surveys the empirical litera-

ture on this topic. The analysis tries to answer three specific questions:
What are the social and private rates of return on R&D? Are they sensitive to
the way they are estimated? Do the results differ across industries and coun-
tries?

The second part presents the results of a new empirical study of R&D con-
ducted abroad and how that R&D spills over into the Canadian manufacturing
sector and affects productivity. The respective contributions of own and
imported R&D are also assessed and compared.

The conclusion presents a discussion of policy recommendations in the
light of the evidence gathered concerning the role of R&D in productivity
growth.

This study has three parts. The first part clarifies the conceptual link
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R&D and Productivity Growth:
A Survey of the Literature

Productivity Growth

growth is the measure of growth in output not explained merely by the

growth in the factors of production. Thus, productivity growth mea-
sures the efficiency of the allocation of inputs within a firm or an economy. In
this sense, productivity reflects total factor productivity (TFP) and not just par-
tial productivity indices, such as the productivity of labor. For instance, it is
quite normal and economically sound to substitute labor for capital if (assum-
ing all other elements remain constant) wage rates fall compared to the user
cost of capital. In so doing, the productivity of labor drops because more
workers are required to produce the same level of output. However, the total
factor productivity remains unchanged, because the inputs along a given iso-
quant are merely substituted.

The widely used Divisia index (or its Tornquist approximation in discrete
time) is defined as the growth rate of output minus the weighted sum of the
growth rates of the inputs, where the weights are the respective cost shares.'
This measure captures the notion of technological change as a shift in the pro-
duction function only under the restrictive hypotheses of constant returns to
scale, optimal input levels and marginal cost pricing.’

In the growth accounting literature, total factor productivity growth, or the
unexplained residual, is assimilated with technical change and ascribed to a
number of explanatory factors. These include: own R&D efforts; the effects of
R&D conducted by other firms, industries or countries; the so-called catch-up
hypothesis; and some factors independent of research and development, such
as structural change, government regulation and natural resource discoveries
(see Denison, 1985, and Maddison, 1987). Denison puts the contribution of
R&D to TFP growth in the U.S. nonresidential business at 20 per cent for the
period 1929-1982. Maddison also estimates that, relative to the United States,

B y way of definition, most economists would agree that productivity
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the average contribution of the catch-up in France, Germany, Japan, the
Netherlands and the UK is around 9 per cent of GDP growth for these five
countries (collectively).

Defining R&D

For nearly 30 years, OECD countries have been collecting data on research and
development following the guidelines established in the “Frascati manual”,
which defines scientific research and experimental development (R&D) as:
“creative work undertaken on a systematic basis in order to increase the stock
of knowledge ... and the use of this stock of knowledge to devise new applica-
tions” (OECD, 1980).

The OECD data are subdivided by:

« sectors of performance - business enterprise, higher education, gover-

ment, and private non-profit institutions (PNP)

» sources of funds - business enterprise, government, higher education, PNP,

and abroad

« type of cost - labour, land and building, instruments and equipment, and

other current costs

* type of R&D - basic, applied, and development and

« field of science - natural sciences and engineering, and social sciences and

humanities.

According to figures for 1989 released by Statistics Canada in 1991, 54 per
cent of total Canadian R&D was performed by business enterprises, 19 per
cent by the federal and provincial governments and 26 per cent by higher edu-
cation. As for the funding of industrial intramural R&D (i.e. R&D performed
within Canada by the reporting company) 62 per cent came from business
enterprises, 20 per cent from public sources and 16 per cemt from foreign
sources. In terms of cost breakdown, 50 per cent of all costs were applied to
wages and salaries, 37 per cent to other current costs and 13 per cent to capital
expenditures. Six industries — telecommunication equipment, aircraft and
parts, engineering and scientific services, business machines, computer ser-
vices, and wells and petroleum products — accounted for more than half of all
industrial intramural R&D.

R&D can be directed toward improvement of existing products as well as
creation of new products and processes. According to a survey conducted by
McGraw-Hill, New York, in 1983, manufacturing firms in the United States
devoted 43 per cent of their R&D spending to new products, 19 per cent to new
processes and 38 per cent to improvements of existing products. The National
Science Foundation reported that an analysis of total American industrial R&D
expenditure in 1989 showed that four per cent was applied to basic research,
21 per cent to applied research and 75 per cent to development.
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How R&D Contributes to Productivity Growth

In a sense, R&D is a commodity; it is a stock of accumulated knowledge
derived from R&D expenditures that depreciates at a certain rate (of obsoles-
cence) as new products and processes supersede old ones.

R&D conducted in one sector can have productivity-enhancing effects in the
performing sector through cost reductions (process innovations) and/or market
expansions (product innovations). Besides generating returns to the performer,
benefits from R&D can also ripple out to other sectors in two notable ways
(Griliches, 1979). First, externalities may occur because a downstream user
derives direct benefit from the R&D without having to pay the full value of the
input — as when a bank purchases personal computers that enable it to
streamline its operations. In this example, the benefits to the bank measured
against the cost of the computers are worth substantially more to the bank than
the price paid for them. Also, qualitative improvements may not be entirely
reflected in the new price of an enhanced product or service because of com-
petition, monitoring costs and, frequently, limited or incomplete information
on the part of the developer with respect to the real value of the enhanced
product to the end user.

The second type of spillover relates to the inspiration a research project,
technical discovery or innovation in one sector can stimulate in another sector.
New ideas often trigger new avenues of research and render established meth-
ods uneconomical or inefficient. For example, the development of synthetic
fibre technology by the chemical industry found wide application in the textile
industry. Research undertaken by NASA focussing on space exploration, cleared the
way for many innovations and new developments in the automobile and computer
industries. A distinction is thus made in the literature between private and social
rates of return, i.e., those that are appropriated by the developer or performer and
those that cannot be appropriated. In the latter case, society at large enjoys a
maximum rate of return at minimum apparent cost.

R&D can also contribute indirectly to productivity growth through its inter-
actions with the other inputs. If capital and R&D are complementary,
increasing the R&D stock will eventually induce a firm to invest in machinery
and equipment which employ new technology. Cohen and Lewinthal (1989)
stress the role of R&D as the capacity to learn and to absorb. Knowledge is not
a public good that can be costlessly absorbed. Instead, depending on the type
of knowledge and the characteristics of the firm, more or less internal R&D has
to be undertaken to create the absorptive capacity.

Finally, R&D can have indirect effects on productivity growth through the
interaction of supply and demand, as shown in the model developed by Nadiri
and Schankerman (1981). R&D decreases cost, which in turn lowers price and
increases demand. The resulting increase in output boosts productivity in the
presence of returns to scale.
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Empirical Evidence on the Contribution of R&D
to Productivity Growth

Other surveys on the contribution of R&D to economic and productivity
growth (or to total factor productivity growth) include: Bernstein (1985), the
Bureau of Labor Statistics (1989), DeBresson (1991), Griliches (1988, 1991),
Hanel and Palda (1989), Lichtenberg and Siegel (1989), Mairesse and
Mohnen (1990), Mairesse and Sassenou (1991), McFetridge and Corvari
(1985), Mohnen (1990), Nadiri (1991) and Robidoux (1991). Each of these
surveys views the literature from a different angle. The purpose of this brief
survey, however, is to organize the empirical literature around three questions:
Do the results differ according to the method of analysis? Does the relation-
ship between R&D and economic growth differ from one country to another?
Are there sectoral differences?

The studies on R&D and productivity growth are divided into three groups,.
according to whether they are based on: 1) an extended Cobb-Douglas
approach; 2) a more elaborate model of factor demand based on producer’s
duality theory; or 3) other approaches.

The Extended Cobb-Douglas Approach

The basic idea of this approach is to estimate a Cobb-Douglas production
function with R&D (the own R&D, a measure of outside R&D, and sometimes
R&D split into private and public R&D, and basic and applied R&D) in addition
to labour, capital, and sometimes intermediate inputs as factors of production.
The production function is estimated in levels (with cross-section data) or
in growth rates (with time-series or panel data). Sometimes, marginal produc-
tivities are equated to factor payments and the labour productivity or total
factor productivity growth is treated as the dependent variable. Often, to avoid
constructing a stock of R&D, the gross investment over sales ratio (serving as a
proxy for the net investment over output ratio) is used as a regressor in lieu of
the R&D growth rate. The rate of return of R&D (i.e., its marginal productivity)
is then estimated instead of its output elasticity.” This rate of return is inter-
preted as net or gross, depending on whether net or gross R&D enters the
intensity variable.* Generally, constant returns to scale are imposed and addi-
tional explanatory variables are introduced, such as the degree of unionization,
the rate of capacity utilization, the quality of the workforce or sector dummies.
Regarding variable measurement, the studies differ by the rates of obsoles-
cence and lag patterns of R&D used, by whether or not conventional inputs are
corrected for R&D double-counting, and by the use of annual versus long-term
(i.e., over five or 10 years) growth rates. When conventional inputs are cor-
rected for their R&D content, the rates of return are interpreted as excess or
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above normal rates of return.’ Finally, evidence has been drawn from different
kinds of data: firm and industry, time-series, cross-section and panel. For these
reasons, the results of different studies are difficult to compare.

A number of findings seem to recur, however (see Mairesse and Sassenou
(1989) for a more elaborate discussion). For example, not correcting for R&D
double-counting tends to bias the output-elasticity of R&D downwards.
Elasticities are lower in the time-domain than in the cross-section domain. If
returns to scale are estimated, rates of return to R&D decline. The elasticity of
R&D is stable with respect to different rates of obsolescence, but the net rates
of return are very sensitive in this regard. The results depend more on the par-
ticular specification chosen than on the country examined. Studies based on
micro-data truly capture private rates of return, whereas studies based on
industry data also capture intra-industry R&D spillovers. Even with firm data,
however, it is possible to interpret the disappearance of the own rates of return
when industry dummies are included in the regression as a sign of interfirm
spillovers: the interaction of firm effects at the industry level (the industry
dummy could be a proxy for the industry-wide R&D expenditures) predomi-
nates the individual firm effect. However, this recurrent finding can also be
interpreted as a sign of industry-specific opportunity effects. Therefore, in a
more straightforward way, direct measures of borrowed R&D have been
devised and introduced as inputs or shift factors in the regressions. The first
method consists simply in summing the R&D stocks of other firms within an
industry or other industries within a country.

A second approach initiated by Terleckyj (1974) makes use of the
inter-industry flows of intermediate inputs or capital goods. The stock of bor-
rowed R&D of industry i is obtained by weighting the R&D stocks of all other
industries in proportion to i’s purchase of intermediate inputs or capital goods
from those industries. It is assumed that the more i buys from j, the more i
borrows from j’s knowledge.*

A third approach uses patent data classified by both industry of origin and
industry(ies) of use to construct an inter-industry technology flows matrix.
Otherwise, this approach is similar to the Terleckyj approach.

A fourth approach bases the interindustry technology flows matrix on inno-
vations classified by industry of origin and industry of use.

A fifth approach constructs the weights from a statistical proximity mea-
sure based on the firms’ positions in the technology space of patents or R&D
fields.

Knowledge and its spillover effects are also sometimes measured on the
output side of R&D. Deolalikar and Evenson (1988) use the number of patents
granted in the United States as a proxy for the supply of international technol-
ogy in India, and the number of patents granted in India as a proxy for Indian
inventive activity. Adams (1990) constructs a stock of knowledge by summing
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the article counts in each scientific field and weighting them by the composi-
tion of scientists for each industry. The spillover variable is measured by a
weighted sum of the industry stocks of knowledge, as defined above, where
the weights are computed by a proximity measure of industries in the employ-
ment of scientists by field.

Table 1 presents a partial list of the empirical studies of R&D and productiv-
ity growth that belong to this group (the output side of R&D). Also, the survey
is confined mainly to manufacturing firms and industries.” To quote Griliches
(1988), “the estimated rate of return to R&D lies mainly between 20 and S0 per
cent, with most of the recent estimates falling in the lower part of this range”.
Indeed, on a meticulously constructed dataset of manufacturing firms in the
United States, Lichtenberg and Siegel (1989) estimated a gross rate of return
of 13 per cent. The rates of return on indirect R&D show a much greater dis-
persion, partly due, perhaps, to the different choices of weighting matrices
(see Wolff and Nadiri, 1987 and Sterlacchini, 1989). However, it can also be
argued that the rates of return on indirect R&D are, in general, substantially
higher than the own rates of return.

Inter-country differences appear to be relatively unimportant and, for the
reasons mentioned earlier, difficult to identify from the data in the heteroge-
neous studies.? (The central problem is that the studies and surveys tend to use
different methodologies.) For Canada, a number of studies offer little support
to the existence of a strong link between R&D and productivity growth.
Lithwick (1969) was unable to find a link between R&D and TFP growth rates.
Globerman (1972) and Postner and Wesa (1983) estimate a direct rate of
return on R&D not significantly different from zero. Hartwick and Ewen
(1983) did not find any significant correlation between a sector’s productiv-
ity growth and the R&D embodied in its intermediate inputs. However,
Longo (1984) and Hanel (1988) obtained the traditional orders of magnitude.

A number of additional results are noteworthy:

» A higher rate of return on company-financed versus publicly-financed
R&D was found by Terleckyj (1974), Griliches (1980), Mansfield (1980),
Griliches and Lichtenberg (1984), Griliches (1986), Hanel (1988), and
Lichtenberg and Siegel (1989). The estimated rate of return for
privately-financed R&D was found to be 27.5 per cent in Mansfield
(1980), 9.2 to 33.4 per cent in Griliches and Lichtenberg (1984), 35.3
per cent in Lichtenberg and Siegel (1989), 28 to 37 per cent in Terleckyj
(1974), and 40 to 60 per cent in Wolff and Nadiri (1987). Griliches
(1986) also estimated a 50 to 180 per cent premium on
company-financed R&D. Hall and Mairesse (1992), however, found a
higher effect for government R&D (than for company-financed R&D)
once it rises over 20 per cent of the firm’s R&D budget.
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Table 1

Estimated Direct and Indirect R&D Rates of Return or Elasticities Using

the Extended Cobb-Douglas Approach

Study Sample? Direct R&DP

Indirect R&DPb

Elasti-

Rate of

Elasti- Rateof  Support

city (%) return(%)  city (%) return (%) matrix

Canada

Globerman 13 industries

(1972) 1960-68

Postner- 13 manufacturing

Wesa industries

(1983) 1966-71 & 1971-76

Longo 110 R&D-intensive

(1984) firms; 1980 cross section

Hanel 12 Quebec manu-

(1988) facturing industries
1971-77 & 1975-82

Poole- 4 industries with

Bernard heavy defense R&D

(1992) 1961-85

United States

Minasian 17 chemical firms

(1969) 1948-57

Griliches 883 firms

(1980) 1963 cross-section
& 1957-65 7

Griliches 39 manufacturing

(1980b) industries; 1959-68 7
& 1969-77 0

Mansfield 16 firms (petroleum
(1980) & chemicals); 1960-76

24

50

()6
(21

54

27

42

28

18 (intramural) intermed.

(-) 26 (extramural) inputs

100 intermed.

inputs
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Table 1 (Cont'd.)

Study

Sample?

Direct R&DP

Indirect R&DP

Elasti-

Rate of

city (%) return(%)

Elasti- Rate of Support
city (%) return (%) matrix

United States (contd.)

Nadiri
(1980)

Nadini
(1980b)

Link
(1981b)

Schankerman
(1981)

Griliches-
Mairesse
(1983)

Link
(1983)

Griliches-
Mairesse
(1984)

Clark-
Griliches
(1984)

Griliches-
Lichtenberg
(1984)

Griliches
(1986)

aggregate economy
1949-78 6
total private economy
1949-78 10

total manufacturing 11
durables 8
nondurables 19

174 firms
1971-76

883 firms
1963 cross-section

185 French firms
343 U.S. firms
1973-78

302 manufacturing
firms; 1975-79

133 firms
1966-77 6

924 business units
1970-80

27 industries
1959-76 &
sub-periods

491 firms
1972 & 1977

cross-sections 9-11

24-73

19

30

18-20

33-39
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Table 1 (Cont'd.)

Study

Sampled

Direct R&Db

Indirect R&DP

Elasti- Rate of
city (%) return(%)

Elasti- Rate of Support
city (%) return (%) matrix

United States (contd.)

Griliches
(1986) contd

Patel-Soete
(1988)

Lichtenberg-
Siegel
(1989)

Griliches-
Mairesse
(1990)

Terleckyj
(1974)

Terlecky;)
(1980)

Sveikauskas

(1981)

Scherer
(1982, 1984)

911 firms
1966-77

total economy
1956-85

5,240 firms
1972-85 &
sub-periods

525 firms
1973-80

20 manufacturing
industries
1948-66

11

13

25-41

(tot.) 12
(pvt.) 29

13 non-manufacturing

industries
1948-66

20 manufacturing
industries
1948-66

144 industries
1959-69

36 to 87 industries
1964-78 &
sub-periods

29-43

(own products)

45 intermed.

78 inputs

intermed.

187 inputs

183 intermed.

inputs

792 invest.

1200 goods

64 - 104 patents
(own process
+ imported
products)
147
(imported

products}
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Table 1 (Cont'd.)
Study Samplea Direct R&Db

Indirect R&DP

Elasti- Rate of
city (%) return(%)

Elasti- Rate of Support
city (%) return (%) matrix

United States (cont'd.)

Griliches- 193 manufacturing 21-76
Lichtenberg  industries; 1959-78

(1984b) & sub-periods

Jaffe 432 firms

(1986) 1973 & 1979 25
Wolff- 19 manufacturing

Nadiri industries; 1947,1958,

(1987) 1963, 1967, 1972 11

50 manufacturing & non-
manufacturing sectors 19
same time periods

Japan
Odagini 370 firms
(1983 1969-81 26
Odagiri 15 manufacturing
(1985) industries (-) 66
1960-77 & (-)24
sub-periods
Odagiri- 135 firms
Iwata 1966-73 17-20
(1985)
168 firms 1974-82 11-17
Griliches- 406 firms
Mairesse 1973-80 20 -56
(1986)

Patel-Soete  total economy
(1988) 1956-1985 37

41 - 62 patents
OWN process +
(imported products)
0-90
(imported products)
stat'l. prox.

10 measure

intermed.

90 inputs

investment
10 goods
intermed.

0 inputs

0 intermed.
inputs
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Table 1 (Cont'd.)
Study Sample2 Direct R&DP Indirect R&Db
Elasti- Elasti- Rateof Support

city (%) return(%)

city (%) return (%) matrix

Japan (cont'd)

Sassenou 394 firms

(1988) 1976 cross-section
1973-81

Mansfield 17 manufacturing

(1988) industries 1960-79

Goto-

Suzuki 50 industries

(1989) 1978-83

France

Griliches- 185 French firms

Mairesse 343 U.S. firms

(1983) 1973-78

Cunéo- 182 firms

Mairesse 1972-77

(1984) panel

Mairesse- 390 firms

Cunéo 1974-79

(1985)

Patel-Soete  total economy

(1988) 1956-85

Hall- 196 firms

Mairesse 1980-87

(1992) panel

West-Germany

Bardy 4 chemical firms

(1974) 1951-71

Patel-Soete
(1988)

total economy
1956-85

14
16

42

22-33

9-26

13

5-48

21

10

of own effect

26

31

558

22-34

92-97

simple

sum

invest. goods
+ intermed.

80 inputs




12 Mohnen

Table 1 (Cont'd.)
Study Sample? Direct R&Db Indirect R&Db

Elasti- Rate of Elasti- Rateof Support
city (%) return(%)  city (%) return (%) matrix

Belgium

Fecher 292 firms intermed.

(1989) 1981-83 0 0.5 inputs

United Kingdom

Patel-Soete  total economy

(1988) 1956-85 7

Sterlacchini 15 manufacturing intermed.

(1989) industries; 1954-84 9-14 9-12  inputs
& sub-periods 14 -30  innov.

flows

a) Average growth rates over time period are shown, unless otherwise indicated.
b) Only significant results are reported. The absence of a significant result is indicated by 0.
c) Converted using geometric means of value-added & R&D.

» Terleckyj (1974, 1980) found no significant spillovers from
government-financed R&D. The same results were obtained by Wolff
and Nadiri (1987).

» Recent evidence indicates that military R&D is not conducive to total fac-
tor productivity growth. Poole and Bernard (1992) found a definite
negative contribution in the Canadian aerospace and electronics indus-
tries and, with less certainty, in the shipbuilding and chemical industries.
Along similar lines, Lichtenberg (1984) and (1988) obtained evidence
that public R&D crowds out private R&D, at least for non-competitive
R&D government contracts.

» The rate of return is higher on basic R&D than on applied or on develop-
ment R&D. In Mansfield (1980) the estimated rate of return on basic
R&D was found to be 178 per cent; in Link (1981) 231 per cent; and in
Lichtenberg and Siegel (1989) 134 per cent. According to Link (1981b),
the estimated rate of return on basic R&D in the chemical sector was 87
per cent, 586 per cent in the machinery firms and 626 per cent in the
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transportation equipment firms. Griliches (1986) estimated a 250 to 450
per cent premium on basic research. However, in the case of Japan,
Mansfield (1988) found a higher rate of return on applied R&D (60 per
cent) than on basic R&D (0 per cent). In some instances of French manu-
facturing firm data, Hall and Mairesse (1992) also found a lower
premium on basic R&D.

Evidence of a higher rate of return on process R&D versus product R&D
has been found by Scherer (1982), Griliches and Lichtenberg (1984b),
and Clark and Griliches (1984). The Griliches and Lichtenberg (1984b)
studies estimate significant rates of return on process R&D that range
between 58 and 76 per cent, whereas the range for product R&D is
between 21 and 29 per cent.

In the cross-section dimension, the elasticities of output with respect to
R&D are higher in the scientific (i.e. research-intensive) sectors. This
was also found to be the case by Griliches (1980), Griliches and
Mairesse (1984), Cunéo and Mairesse (1984), Mairesse and Cunéo
(1985), Sassenou (1988), Odagiri (1983), and Englander, Evenson and
Hanazaki (1988). However, in the time-series dimension, where the elas-
ticities tend to drop, there is not much difference between the two types
of sectors (see Griliches and Mairesse, 1984).

Although not specifically working with R&D measures, Adams (1990)
reported a lag effect of own knowledge on total factor productivity
growth ranging from 10 to 20 years and an even longer lag (30 years) for
the knowledge spillover.

The argument that the productivity of R&D has declined has been repudi-
ated by Scherer (1982), Griliches and Mairesse (1984), Clark and
Griliches (1984), Griliches and Lichtenberg (1984), Griliches (1986),
and BLS (1989). Nonetheless, Griliches (1986), Griliches and
Lichtenberg (1984), Griliches (1980b) and Odagiri (1985) found there
was a decline in the significance of R&D. Using a more recent and better
dataset, Lichtenberg and Siegel (1989) obtained significantly higher esti-
mates for 1981-85, compared to 1977-80 or 1973-76. Griliches (1988)
provides a lengthy discussion on this issue. Perhaps the decline in the
productivity of R&D in the “70s followed by its rebound in the ‘80s is
simply a reflection of the changing rates of return over the business
cycle observed by Griliches and Mairesse (1990).

There is mixed evidence concerning a decline in the externality effects of
R&D. This hypothesis has been corroborated by Griliches and
Lichtenberg (1984) and Sterlacchini (1989). Scherer (1982) accepts it on
aggregate data but rejects it on disaggregate data. Englander, Evenson
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and Hanazaki (1988) accept the hypothesis on disaggregate data, but not
with great statistical significance.

* Inter-industry differences are more pronounced than inter-country differ-
ences. Englander, Evenson and Hanazaki (1988) estimated
country-pooled regressions for six countries over a period of approxi-
mately 1970-83, at the level of 16 2-digit industries. They found output
elasticities for used R&D, where used R&D comprised both the own and
the borrowed R&D, ranging from 50 per cent in textiles to -16 per cent in
social and private services. The results are often negative for non-manu-
facturing industries, where measurement problems are more accute. Link
(1981b) estimates rates of return for large firms ranging from 25 per cent
in chemicals to 160 per cent in transportation equipment.

+ The percentage contribution of R&D to both TFP growth and slowdown in
a growth accounting exercise vary, depending on whether private or
social rates of return to R&D are considered. The Bureau of Labor
Statistics (1989), using a 15 per cent elasticity of output with respect to
R&D in 1948-73 followed by a 14 per cent elasticity in 1973-87, arrived
at a direct contribution of R&D to TFP growth of 0.50 per cent in
1948-73 and 0.49 per cent in 1973-87 for U.S. manufacturing and a zero
contribution for non-manufacturing. In contrast, Kendrick (1984) men-
tions a decline from 1.2 per cent in 1948-73 to 0.7 per cent in 1973-81,
while Scherer (1983) attributes a 0.2 to 0.3 per cent annual contribution
of R&D to the productivity slowdown. Both Kendrick and Scherer do,
however, include the indirect effects of R&D in their computations.

Factor Demand Models Based on the Duality Theory

This category regroups the studies based on a dual representation of the tech-
nology and a flexible functional form. Here again, caution should be exercised
in comparing the results of different studies because they differ in many
respects. The functional form is of the translog, generalized Cobb-Douglas or
quadratic variety. The inputs are generally labor, intermediate inputs, physical
capital, and R&D capital, but they are not always treated in the same way with
respect to their quasi-fixity (i.e. fixity in the short- to medium-run). The mod-
els can be static or dynamic with optimal or non-optimal input levels. In the
dynamic models, the hypotheses on expectations formation, the form of the
adjustment costs and the length of the planning horizon can differ. Prices,
especially interest rates, depreciation rates and tax parameters, are not always
measured in the same fashion across different studies. R&D spillovers can also
be modeled in different ways, as explained in the preceding section. Finally,
the data on which the models are estimated can be firm data or industry data,
time-series, cross-sections or panel data.
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Compared to the extended Cobb-Douglas approach, the dual approach puts
more behavioral structure on the estimation, but uses a more restrictive tech-
nological structure and exploits more of the available information on factor
uses and investments, thereby increasing statistical efficiency (at the potential
risk of behavioral misspecification). Given the additional number of degrees
of freedom arising from the joint estimation of several equations, shorter
time-series can be exploited. Typically, industry data can be estimated sepa-
rately without resorting to pooling and imposing common parameters. Given
the flexibility of the functional forms, the interaction of R&D with other inputs
can be estimated and returns to scale and incomplete capacity utilization can
be taken into account. In dynamic models additional results can be derived,
such as the speed of adjustment, the cost of adjustment and the differential
links of R&D with the other inputs along the adjustment path.

Although the dual approach provides more insights than the Cobb-Douglas
approach, it has its own drawbacks. In total cost or variable cost functions the
output is treated as exogenous, which is counterfactual and could lead to
biased estimates of the model’s parameters. This inference is to a large extent
drawn from information contained in the factor price series, the quality of
which is not always reliable. The models are generally estimated in level form
with a consequent danger of collinearity between the output, stock and trend
variables. In order to respect the curvature conditions imposed by duality the-
ory, often only truncated versions of the flexible functional forms can be
estimated.

Table 2 presents a reasonably complete overview of the studies that fall into
this category. It can be seen that this approach has been used to estimate pri-
vate and/or social rates of return for the Bell system, for various industries on
the basis of firm or industry data, and for the total manufacturing sectors of
various countries. It is also apparent that very few studies are based on exactly
the same specifications.

Table 3 sets out the private and social rates of return that have been estimat-
ed for various industries in the United States and Canada. The results seem to
depend more on the underlying model than on the country concerned (e.g.
compare Bemnstein and Nadiri (1989) with Bernstein (1988) or Bernstein
(1989) with Bernstein and Nadiri, 1988). It also shows that industry differ-
ences are more striking than country differences.

As the results of Bernstein and Nadiri (1988), Bernstein (1989) and
Mohnen and Lépine (1991) show, the estimated gross rates of return on R&D
differ substantially among industries. There are specific industrial patterns
related to the emission and reception of R&D spillovers. For example,
non-electrical machinery and chemical products generate substantial R&D
spillovers. In these areas, the social rates of return on R&D can exceed the pri-
vate rates of return anywhere from 0 to 500 per cent. The margin varies
noticeably between industries.
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Table 2

R&D Studies Based on a Dual Representation of the Technology

Study Data Specification* Indirect R&D
Bernstein 680 Canadian translog cost function intra-industry =
(1988) firms in mputs=L, M, K, R sum of other
7 industries no quasi-fixed input firms’ R&D
1978-81 firms’ S = shift variable inter-industry =
pooling by no technical change** sum of other
industry static model industries’ R&D
var. returns to scale
Bernstein 9 Canadian generalized Cobb- vectorization
(1989) industries Douglas cost function
1963-83 inputs =L, M, K, R
R = fixed input
S = shift vanable
no technical change
static model
var. returns to scale
Bernstein- 5US. same as Bernstein vectorization
Nadiri industries (1989)
(1988) 1958-81
Bernstein- 48 US. firmsin  generalized quadratic intra-industry=
Nadiri 4 industries value function sum of other
(1989) 1965-78 inputs =L, K, R firms’ R&D
firms’ pooling K, R = quasi-fixed
by industry S = shift vanable
no technical change
dynamic model
expectation = AR process
constant discount rate
var. returns to scale
Bemnstein- 45US. fims in  quadratic inverted production
Nadin 4 industries function; inputs = L, M, K, R
(1990) 1959-66 K, R = quasi-fixed; no R&D
firms’ pooling  spillover; no technical change
by industry dynamic model; rational expec-

tations; var. returns to scale
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Table 2 (Cont'd.)

Study Data Specification* Indirect R&D
Cardani- total manu- quadratic cost function
Mohnen facturing mputs=L, M, K, R
(1984) France & Italy K, R = quasi-fixed
1965-77 no R&D spillover
T = shift variable
dynamic model
static expectations
constant returns to scale
Mohnen- total manu- quadratic cost function
Nadiri facturing inputs=L, M, K, R
(1985) France & Ttaly = K, R = quasi-fixed
1965-77 no R&D spillover
no technical change
dynamic model
static expectations
constant returns to scale
Mohnen- total manu- same as Mohnen-Nadiri
Nadin- facturing; U.S., (1985)
Prucha Japan & Germany
(1986) 1965-66 - 1977-78
Mohnen- 12 Canadian generalized Cobb- inter-industry =
Lépine industries Douglas cost function patent matrix
(1991) 1975, 1977, 1979 inputs =L,M,K,R,P
1981-1983 KR = quasi-fixed
pooled data S = shift variable
no technical change
static model
constant returns to scale
Nadiri- U.S. Bell System quadratic cost function
Prucha 1951-79 inputs = L,M,K,R
(1990a) K, R = quasi-fixed
no R&D spillover

T = shift variable

dynamic model

static and rational expectations
homothetic technology
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Table 2 (Cont'd.)

Study Data Specification* Indirect R&D
Nadin- US. & quadratic cost function
Prucha Japanese inputs=L, M, K,R
(1990b) electrical K, R = quasi-fixed
machinery no R&D spillover
industries T = shaft variable
1968-79 dynamic model
static expectations
homogeneous technology
Schankerman- U.S. Bell System generalized Cobb-Douglas
Nadiri 1947-76 cost function
(1986) inputs=L, M, K,R
K, R = quasi-fixed
no R&D spillover
no technical change
static model
various returns to scale
This study Canadian total  generalized McFadden international =
(1992) manufacturing  cost function high-tech
1964-83 inputs=L, M, K,R, § imports
K, R, § = quasi-fixed
T = shift variable
dynamic model
rational expectations
various returns to scale
Nadiri- 12US. generalized Cobb-Douglas
Mamuneas manufacturing  cost function
(1991) industries inputs=L, M, K
pooled data no quasi-fixed inputs
1956-86 no R&D spillover
I, R P, T= shift variables
static model

constant returns to scale
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Table 2 (Cont'd.)

Study Data Specification* Indirect R&D
Suzuki 20 Japanese translog cost function
(1991) firms in the inputs =L, M, K, R

electrical K, R = quasi-fixed

machinery no R&D spillover

industry T = shift factor

pooled data dynamic model

1979-87 various returns to scale
Bernstein- 61U, translog cost function vectorization
Nadiri industries inputs =L, M, K, R
(1991) 1957-86 K, R = quasi-fixed

endogenous output

S = shift variable

no technical change
dynamic model
various returns to scale
rational expectations

* L =labour K = physical capital R =R&D stock
M = intermediate inputs, P = payments for foreign technology S = spillover
E = energy T = index of technical change [ = public infrastructure,
RP = public R&D

**  no technical change means no disembodied technical change

In addition, the following results are especially noteworthy:

» The following average internal rates of return, net of depreciation and
adjustment costs, were obtained on the total manufacturing data: 11 per
cent in the United States and Italy, 12 per cent in France, 13 per cent in
West-Germany, and 15 per cent in Japan. R&D growth contributed to 2
per cent of the labour productivity growth in Germany, 3 per cent in the
United States, Japan and Italy, and between 4 and 8 per cent in France
(depending on whether a value-added or gross output framework is
used). R&D cannot be held responsible for the productivity slowdown.

* In one high-tech industry (electrical machinery), Nadiri and Prucha
(1990b) concluded that the R&D contribution to labour productivity
growth was substantial but declining in the United States from 27 per
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