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ABSTRACT

Innovations and Technology Spillovers
M. Ishaq Nadiri

In this paper we analyze the evidence from a large number of studies on three specific
questions pertaining to R&D investment: (1) Are there diminishing returns to inventive
activities? (2) What is the relationship between R&D and productivity and what are the
magnitudes of the returns to a firm’s or industry’s R&D investment? (3) What are the
magnitudes of the benefits from R&D undertaken by other firms, industries and countries and
the vehicles by which they are transmitted to the recipients? The evidence on the first issue
is still controversial, basically because of the lack of an adequate measure of output and precise
measurement of the inputs to the inventive process. Patent counts are often considered as a
measure of output while expenditures on R&D are used as a measure of input in this process.
If proper adjustments are made and the significant spillover effects of R&D documented in this
paper are taken into account, the possibility of diminishing returns to inventive activities seems
implausible. On the second question, the results clearly suggest a positive and strong
relationship between R&D expenditures and growth of output or total factor productivity. The
relation is pervasive, though the magnitudes of the contribution of R&D vary among firms,
industries, and countries. On the average, net rates of return on own R&D are about 20% to
30%. There is no clear cut evidence of decline in the potency of R&D investment in the late
1970s. However, there is evidence that R&D as a factor of production affects not only

productivity growth but also the demand for conventional inputs and is influenced by changes
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in input prices and the level of demand.

The evidence points to sizable R&D spillover effects both at the firm and industry levels;
the social rates of return of R&D often vary from 20% to over 100% in various industry, with
an average somewhere close to 50%. The channels of diffusion of the spillovers vary
considerably and their effects on productivity growth are sizable. These results suggest a
substantial underinvestment in R&D activities.

International technology trade among the OECD countries has increased substantially in
recent years. The diffusion of new technologies has been very rapid; the channels of
transmissions have been exports, foreign direct investment, and multinational enterprises’
research operations, the latter being the most dynamic agents of technology transfer. With the
further globalization of business activities, international technology transfers will be a major '

source of new R&D spillovers.



INTRODUCTION'

In this paper we shall focus on the empirical evidence on three important issues related
to research and development (R&D) investment. The first issue is whether there is evidence of
diminishing returns to innovative activity. The worldwide slowdown in productivity growth in
recent years has led to vigorous efforts to identify the responsible economic factors. Slowdowns
in capital formation, energy crises, regulation, and demand, or a combination of all these have
been identified as possible influences. Some have argued that this slowdown reflects the
exhaustion or diminution of technological opportunities and contributions, particularly in the rate
of fundamental invention. To ascertain whether there has been technological stagnation many
economists have examined patent statistics as an output of the invention process and expenditures
on R&D as a measure of input in this process. Comparing the output and input measures of the
invention process, some have argued that there are signs of diminishing returns to inventive
activities, which may arise because it is more difficult or more costly to exploit new
technological discoveries or because the rate of fundamental invention has slowed down or
stopped growing.

Our second issue is the evidence on the relation between R&D as an index of
technological change and productivity growth. Is there a significant relationship between R&D,
output and productivity growth and what is the rate of return on R&D investment at the firm and
industry levels? Another relevant question is whether the stock of R&D as an input in the
production process affects the demand and productivity of the conventional inputs. Also, there
are some questions about whether the potency of R&D investment has declined in the late 1970s,
contributing to the slowdown in productivity growth.

Qur third issue is whether there are important R&D spillovers and how they affect
productivity growth and the structure of production in a firm or an industry. If there are

significant spillovers from R&D investment, both in magnitude and pervasiveness, they can lead

"The author wishes to thank Catherine Labio, Theofanis P. Mamuneas, Bhaswar Mukhopadhyay, and
Richard Simon for their valuable assistance in research and preparation of this manuscript.



to increases in the growth rate of productivity and perhaps overcome any diminishing return
effects. We shall assemble the evidence on the private and social rates of return on R&D
investment and comment on its dynamic relationship with R&D investment, physical capital
investment, intermediate inputs, employment, output, and output prices. We shall also look at
the evidence on technology trade among the major OECD countries to assess the possible
technology spillovers across national boundaries. The role of multinational enterprises (MNEs)
and foreign direct investment (FDI) in the process of international technology trade is also
examined.

The empirical evidence assembled here pertains mainly to studies on U.S. firms and two-
digit industries, but we shall include evidence from other countries wherever possible. The
paper is organized as follows: in section I we examine the issues related to patent statistics and
technological stagnation. Section II is devoted to the evidence assembled on the effect of R&D
investment on productivity growth. In section IIl we examine R&D spillovers, their effect on
productivity growth, and their role in changing the demand for different factors of production.
International transactions in technology are examined in section IV. The concluding section

provides a summary of our analysis.



1. Patents and Technological Stagnation
Understanding of the process of economic growth, the rate of technical change, and the

competitive performance of firms, industries and economies as well as the evolution of the
structure of production of these economic units ultimately depends, as Griliches (1990) has
pointed out, on understanding of the underlying process of inventiveness in an economy. In
principle, one can postulate a "knowledge production function" which describes how new
products or new methods of production are discovered using specific resources. It is an
extremely difficult task to specify the form of the underlying knowledge production function and
to measure with any degree of precision the output and inputs of the invention production
process. Patent statistics are often used as a measure or indicator of the output of the invention
process while R&D expenditures are considered as an input generating economically valuable
knowledge. Since addition to knowledge is not observable, it is approximated by either patent
counts, P, as a quantitative indicator of the number of inventions or by the expenditure on R&D,
R, as an input in the production of inventive activities.?

Unfortunately the "output" of research is not well defined nor easily measurable. Some

*Griliches (1990) has sketched a simple model to clarify the meaning of the empirical evidence on
the use of patents and R&D expenditures to measure the effect of knowledge creation on economic
activity. Let

K=R+,u
P=aK +v=aR+ap+vV
Z =bK + ¢

where Z is a measure of expected or realized benefit from invention such as productivity growth. The
quality of P as indicator of X depends on the size of v, the error in the indicator relationship and the

quality of the relationship between P and R provide a lower bound on quality of P as an indicator of K.
By looking at the correlation between P and R it can be argued under the assumptions of the model that

the correlation between P& K would have been higher if it could have been measured. Whether P or R
is a better proxy for K depends on the relative size of the variance of the error terms » and u. If the
measurement error in patents relative to stochastic K is large then R may be a better means to

approximate K.



important measurement issues affecting patent data as a measure of research output are noted
below. A number of recent studies, mainly by Griliches (1984) and Griliches et al. (1987) have
reached the conclusion that while there are large stochastic elements and great variance in the
value of individual patents, patent applications are reasonably good measures of research output.
Similarly, there are a number of problems affecting R&D expenditures as an input of research
efforts. Classifications of expenditures on R&D differ greatly among firms and are often
motivated by tax legislation; R&D investment expenditures are treated as current expenses; and
different countries permit different definitions of R&D expenses. Further, the comparability of
R&D expenditures among countries is affected by differences in the R&D deflator and by
exchange rate fluctuations.

Nonetheless, it is common to use the ratio of patents per unit of R&D expenditure or per
unit of R&D personnel to see whether there are any signs of increasing (decreasing) returns in
knowledge production.® In more recent years all indicators of patenting effort——series on
domestic patent applications, patent grants, and external patent applications as a percentage of
R&D expenditures——declined in the 1970s and have stabilized only recently in all the major
OECD countries. In fact, a striking feature of patent applications in most OECD countries is
the end of growth and even a decline in national patent applications from the early seventies until
1978, followed by a recovery mainly due to the stimulating effect of the growth of international
patenting.* In most countries, Japan being an exception, the trend in national applications was
mainly determined by foreign applications. The share of domestic applications decreased and
external patent applications showed substantial and dynamic growth. Since 1968, only in Japan
has there been extremely rapid growth of domestic patent application, though it has slowed down

recently (OECD (1986)). The rapid increase in Japanese patenting is partly due to the fact that

*The number of domestic patent applications in the US peaked in the late 1920s and after a severe
decline during the great depression and the war period and a brief postwar recovery, they have remained
flat in the post-war period. The company-financed R&D and GNP both were rising since World War
II (Griliches (1990)).

“The domestic patent applications peaked for the U.S. in 1970, France in 1968, West Germany in
1965, Sweden in 1967, Switzerland in 1972, and the U.K. in 1968. The series on actual patents granted
followed with a short lag the same pattern as the application series. See Scherer (1986).
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until recently the Japanese filed "single claim" patents whereas in other countries each patent
contains several claims.

The slowdown in domestic applications in most OECD countries has led to an apparent
productivity slowdown in innovations, i.e., except for Japan, the ratio of the number of
researchers to the number of patents has declined in the 1970s. In the late 1970s the ratio of
company R&D expenditures to domestic patent applications rose in most major OECD countries,
particularly in the U.S.. Since 1981, and particularly after 1985, this ratic has been fairly
stable. The ratio of patents to real R&D expenditures also declined dramatically since 1970 and
unti} the early 1980s in thirteen two-digit U.S. manufacturing sectors. Similar patterns have
been recorded for industries in other major OECD countries as well. The exceptions were some
high-tech industries such as robotics, lasers, drugs, microbiotics, telecommunications, and a few
others where the P/R ratio has been rising, particularly in Japan, Germany, and France.

These trends suggest the possibility that because of some imperfectly understood
diminishing-returns phenomenon, maintainance of a given rate of improvement in technology
and, hence, in productivity may require a substantially more rapid rate of increase in the
quantities of inputs devoted to technology-advancing activities. The divergent trends in patenting
and real R&D expenditures suggest not only the possibility of diminishing returns to inventive
activities in all countries except Japan, but also a deterioration of the U.S. competitive position
in innovative activities vis-a-vis Japan and some European countries.

Before accepting the conclusion that there are diminishing returns to inventive activities,
it is necessary to ask two questions. One is whether the numerator and denominator of the ratio
of patent applications to R&D expenditures are properly measured. The other is, what does it
signify if P/R is still declining after proper adjustments?

As noted by Griliches (1990), in the cross-sectional data there is no evidence of
diminishing returns to R&D, particularly for large firms. In fact, the average elasticity of
patents with respect to R&D expenditures for large firms was about one while this elasticity for
small firms (of less than 2 million dollars in assets) was about 0.4. The low propensity to patent
in the case of small firms is partly due to sample selectivity and partly because small firms tend
to do more informal R&D, which biases the P/R ratio downward. The picture is different when

the time-series data are examined. The elasticity of patent with respect to R&D expenditures
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ranges from about 0.4 to 0.6, which suggests the possibility of diminishing returns.® But this

may be due to various mismeasurements in either patent counts or R&D expenditures or both.

There are several other possibilities. One is that our measure of patents should include
both the domestic and external patent applications; the ratio of national patenting to (the sum of
domestic and external patent applications) R&D expenditure has remained fairly flat in the 1970s
and rose slightly in the U.S. in the 1980s. Also, patents are not of uniform value. In fact, as
Pakes and Schankerman (1984) and Griliches et al. (1987) have shown, most patents are worth
very little and only a few patents are responsible for the major part of the social and private
returns of the inventive system. When aggregate patent time-series are adjusted for “quality, "
Pakes and Schankerman report that though the number of patents/scientists fell sharply between
1965 and 1975 in Germany, France and the U.K., the quality adjusted patent rights per scientists
and engineers were effectively stable (see also Pakes and Simpson (1989) and Schankerman
(1991)).

Finally, another possibility is that there has been overestimation of the growth rate of real
R&D; the conventional R&D deflators are likely to underestimate the real cost of doing science
and research. If the true R&D deflator grew at slightly higher rates per year than the
conventional R&D deflator, most or all of the observed decline in observed P/R ratio is likely
to disappear. A large portion of formal R&D expenditures may be devoted to development and
to inventions which are not patentable. Also, industries with substantial government support
(aircraft and motor vehicles) tend to have a low propensity to patent. Both of these reasons
introduce a downward bias in the elasticity of patents with respect to R&D expenditures.

Not many econometric studies identify or explain the determinants of the aggregate ratio
of patents to R&D. Griliches (1990) attempted to provide an answer for the U.S.. On the basis
of aggregate time-series patent data for the U.S. for the period 1953-1987, his results show a

negative trend of about one percent per year in patents and an elasticity of patents with respect

*The evidence from the micro time-series data sets analyzed by Pakes (1985) and Hall et al (1986)
also suggest an elasticity of patent with respect to R&D of 0.2 to 0.4. A similar estimate was obtained
by using industry data for the period 1970-79 (see Griliches (1990)). The estimated trend was negative
for all the years (except for 1975) and for all industries except for drugs and agricultural chemicals.
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to company R&D of about 0.2 to 0.4. His results also show that increases in defense
expenditures pull resources away from inventive activities and channel them into areas where
patenting is either more difficult or less important. Basic research at universities contributes
positively to increased patent applications. Finally, there is some evidence that the rising
relative cost of real R&D may have a negative effect on patenting either because of the rising
cost of patenting or the fact that the cost of research is rising.® Another possibility is that the
decline of the conventionally calculated ratio of patent applications to R&D expenditures may
be due to a change in the industrial mix away from the traditional high patenting areas such as
chemicals and toward the faster growing, lower patenting industries such as computers. Using
patents per R&D dollar intensities for 1979 and reweighting them with the industriai distribution
of R&D expenditures in 1957 and 1985, and also by using Scherer’s data on 1974 patents by
line of business/R&D, Griliches (1989) also reports that the effects of industry mix are very
small-——about 3%.

Patent applications may not be a good proxy for the underlying inventive activity. Not
all technical progress is of a patentable nature; there is a large body of evidence that shows that
great strides in productivity growth are often achieved through learning by doing and advances
in human capital. Also, as shown by Schankerman (1991), while patent protection is a source
of return to inventive effort, it does not appear to be significant. Firms resort to other types of
barriers such as secrecy or trade restrictions, etc., to capture some of the benefits of their
inventions. Therefore, patent counts may decline but the underlying invention activities may be
increasing.

Even if there is a reduction in inventive output associated with the observed decline in
patent applications, its effects, at least over a short period of time, on productivity growth may
not be very large. Several studies have shown that total factor productivity growth (ATFP) is
affected by economies of scale, input quality improvements, reallocation of resources among
industries, and advances in knowledge due to factors other than the patented inventions. Also,

the effect of invention on productivity appears to have a long and variable lag. If the

“These results are tenuous because of multicolinearity, particularly between company R&D and the
relative price of R&D.



fundamental inventions are introduced slowly in the economy so a small portion of their effect
on productivity is realized in the first decade, technological change in such an economy will be
highly variable because of the extreme variability of the values of the inventions. The economy
may go along for many years with a stagnant technology and then suddenly take off because of
a few fundamental inventions.

The bulk of the evidence seems to point to two basic conclusions: first, the series on
domestic patent applications as well as other measures of patenting effort contain some
interesting information but cannot be considered a correct measure of accretion of knowledge.
The values of the patents are so variable and there is so much knowledge that is likely to be
unpatentable and have a different variation than the patent series, that patent application may not
be a good proxy for the underlying invention activity. Also, R&D expenditures may be largely
geared towards maintaining the research capacity of a firm or they may be directed to the
development and application phases of inventive activity which are not patentable. There is
some worry, particularly in the U.S., that the cost of research might have increased somewhat
in recent years. If, on the basis of more detailed research, it turns out that inventive activity is
facing rising costs, the long-run implications will be quite worrisome. Financing of R&D by
the private sector is likely to decline (Baumol and Wolff (1983)). The solution may be to
finance research activities with public funds or to find new sources of productivity enhancement
in the inventive process. On the other hand, as we shall argue in sections 1l and II1, there may
be a fairly sizable spillover to R&D activity which is not reflected in the P/R ratio. If the
externalities are large, then there is less reason to worry about the diminishing returns to

inventive activities suggested by a decline in the P/R ratio as conventionally measured.
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II. R&D Investment and Productivity Growth

The relationship of productivity growth and R&D investment has been a subject of |
considerable interest and analysis in the economic literature as well as in policy analysis. Even
in the narrower field of the econometric literature on the subject, the volume of studies is quite
extensive and the subject of several surveys (see for instance the recent surveys by Mohnen
(1990a), Mairesse and Sassenou (1991), Griliches (1991) and Mairesse and Mohnen (1990)).
We shall review only some of the major but selective findings suggested in the literature and will
not address the technical measurement and estimation problems involved.’

An ubiquitous finding of all the empirical studies summarized two decades ago by
Mansfield (1972) was that R&D expenditures contribute substantially to the growth of output in
a variety of industries. Subsequent surveys by Nadiri (1980b), Griliches (1991) and others have
confirmed these findings. The analytical tool often used to link productivity growth with R&D
is a simple Cobb-Douglas production function where output is a function of conventional inputs
and the stock of R&D. The governing assumptions are constant returns to scale with respect
to the conventional inputs, equilibrium in product and input markets, and a zero or a very small
depreciation rate for the stock of R&D. Based on these assumptions, total factor productivity
growth, ATFP, is related to R&D expenditure by

ATFP, = A + p (RD/Q) + 7,
where p is the net rate of return of R&D and Q is output or sales. An alternative and nearly
equivalent approach is to estimate the underlying Cobb-Douglas production function directly,
using the stock of R&D in addition to the conventional inputs as a determinant of output; the
stock of R&D is often generated by the familiar "perpetual inventory” method with an arbitrary
assumption about the depreciation rate for the stock of R&D. In table 1 we have listed the
output elasticities of the stock of R&D and the rates of return to R&D investment reported in

different studies. There are a number of econometric and estimation issues concerning these

"Interested readers are referred to the survey papers mentioned above and the references included
therein.
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estimates. However, here we shall comment briefly only on the overall results that have

emerged from this line of research. In table la the estimates of the output elasticities and the

rate of return to R&D at the firm level are presented while those pertaining to the industry level

are reported in table 1b.

1. The estimated magnitudes of the elasticities and rate of return to R&D
investment vary considerably depending on the type of data used (cross-section or
time-series), the method of estimation, and whether the unit of analysis is the firm,
the industry, or a country. Also, the elasticities and rates of return derived from
time-series data are often smaller than those obtained from the cross-section data.
The results, however, suggest a strong relationship between R&D and growth of
output and productivity. The elasticities of R&D at the firm level tend to be around
10% to 30% and the rates of return around 20% to 30%. There are of course
significant outliers in both sets of estimates. For the industry data, the elasticities
range between 8% and 30%, while the rates of return range between 20% to 40%.
Again, there are a number of outliers in both sets of estimates. \
2. Almost all the available studies suggest that rates of return on privately financed R&D

are much higher than those on publicly financed R&D. For privately financed
R&D, the rates of return range between 27% to 60% while the rate of return for
publicly financed R&D are often insignificant or negative. Federally financed R&D
induces private sector R&D by facilitating and expanding privately funded R&D |
(Scott (1984)), but may not have a direct relation with ATFP. However,
Lichtenberg (1984, 1988) has argued that federal R&D funding for particular

industries may actually crowd private R&D spending out. Also, the rate of return
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TABLE 1

TABLE 1a: Direct Rates of Return and Elasticities of R&D at the Firm Level

Study Rates of Study Rates of
Return Return

U.S. Japan

Minasian (1969) 54% Odagiri (1983) 26%

Griliches (1980) 27% Odagiri-Iwata (1985) 17%-20%

Mansfield (1980) 28% Griliches-Mairesse (1986) 20%-56%

Nadiri-Bitros (1980) 26%"° Sassenou (1988) 14%-16%"

Schankerman (1981) 24%-73% Griliches-Mairesse (1990) 30%-56%"°

Griliches-Mairesse (1983) 19% France

Link (1983) n.s.-3% Griliches-Mairesse (1983) 1%

Clark-Griliches (1984) 18%-20% Cuneo-Mairesse (1984) 55%

Griliches-Mairesse (1984) 30% Mairesse-Cuneo (1985) 9%-26%"*

Griliches (1986) 33%-39% West-Germany

Griliches-Mairesse (1986) 25%-41% Bardy (1974) 92%-97%

Jaffe (1986) 25% Belgium

Schankerman-Nadiri (1986) 10%-15% Fecher (1989). n.s.

Bernstein-Nadiri (198%a) 9%-20%

Bernstein-Nadiri (1989b) 7%

Griliches-Mairesse (1990) 27%-41%*

Lichtenberg-Siegel (1991) 13%

Canada

Longo (1984) 24%

Bernstein (1988) 12%






