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I. Introduction 

K 
nowledge spillovers are an important source of economic 
growth. Thus, they have attracted attention from policymak- 
ers (e.g., how to promote spillovers from the public to the 

private sector, or how to promote spillovers to small firms?), as well 
as researchers. Griliches (1992) and Nadiri (1993) provide surveys of 
studies showing the importance of knowledge spillovers. One of the 
channels through which such spillovers work are traded goods, which 
is especially stressed in the open economy endogenous growth models 
as pioneered by Grossman and Helpman (1991). Coe and Helpman 
(1995) have shown the empirical relevance of this idea. The idea of 
traded goods as carriers of spillovers was already prominent in the 
seminal exposition by Griliches (1979), although he introduced the 
issue in terms of traded intermediaries between firms rather than 
between nations. There are, however, as stressed by Griliches, many 
other mechanisms through which technology spillovers may take 
place. In the terminology of Griliches, spillovers transmitted through 
traded goods are so-called rent spillovers. Pure knowledge spillovers, 
on the other hand, are transmitted by channels such as conferences, 

Remark: An earlier version of this paper was presented at the 24th General Conference 
of  the International Association for Research in Income and Wealth, Lillehammer, 
Norway, August 18-24, 1996, Session 7 organized by Bart van Ark, under the title 
'Technology Spillovers and Growth. A Reassessment of the Empirical Evidence'. The 
paper has benefitted greatly from my previous work on R& D spiUovers with Bart Los, 
and from comments by participants at the above mentioned conference, and seminars 
at the University of  Groningen and New York University. The usual disclaimer applies, 
however. My research has been made possible by a fellowship of  the Royal Netherlands 
Academy of Arts and Sciences. 
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scientific literature, labour mobility (generally without 'transfer sums' 
paid by the employee's new firm), patent information, or pure imita- 
tion. 

This opens up scope for applying different weighting schemes than 
just import weights to the issue of international spillovers, as was done 
by, for example, Park (1995), Lichtenberg and Van Pottelsberghe 
(1996), Nadiri and Kim (1996) (see also Mohnen 1995, for a survey). 
One possible way of doing so that has so far remained relatively 
unexplored, is the use of so-called technology flow matrices. The aim 
of this paper is to apply this method to the international case. Tech- 
nology flow matrices, as developed e.g. by Scherer (1982) and Putnam 
and Evenson (1994), describe how technological knowledge developed 
in one sector of the economy spills over to other sectors. Extending 
this into an international context, the method used in this paper will 
attempt to measure how technology from one sector in a particular 
country spills over to other sectors in a set of countries, including the 
one in which the knowledge was originally developed. As was argued 
by Verspagen (1997) and Los and Verspagen (1996), different technol- 
ogy flow matrices may result, depending on which transmission mech- 
anism for spillovers one takes as the main focus of analysis. Thus, one 
might argue that the matrices developed by Scherer (1982) and Put- 
nam and Evenson (1994) are mainly aimed at tracking rent spillovers, 
while the matrices proposed by Verspagen (1997) are aimed at measur- 
ing pure knowledge spillovers. 

From a practical point of view, R & D  spillovers are crucially 
related to the issue of 'why growth rates differ' (e.g., Denison 1967; 
Fagerberg 1994). Technology being the main source of long-run eco- 
nomic growth, the economic performance of nations is related to the 
ability to generate new knowledge domestically and the ability to 
apply this knowledge, as well as knowledge generated abroad, in the 
economy. Technology policy, especially in the somewhat larger coun- 
tries, as well as at the international level (e.g., the EU technology 
programmes) has traditionally focused on the domestic generation of 
knowledge, and the diffusion of knowledge from government research 
institutions to firms, in particular to small and medium-sized firms. 
The concept of spillovers puts this emphasis of knowledge generation 
and/or diffusion from the public to the private sector in a different 
perspective, because it suggests that an important part of the knowl- 
edge used domestically is generated abroad. This raises a practically- 
oriented research question: what is the importance of foreign vs do- 
mestic sources of knowledge? 
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The paper starts in Section II by discussing the conceptual frame- 
work on knowledge spillovers introduced by Griliches (1979), and 
how this is related to the more recent new growth theory and the 
debate on international trade and R & D  spillovers. Section III dis- 
cusses how these concepts can be applied in an empirical way, while 
Section IV explains the way in which the variables in this study were 
constructed. Section V presents empirical results on estimations of the 
elasticities of'direct' and 'indirect' (both foreign and domestic) R & D. 
In Section VI, these results will be used in so-called 'growth account- 
ing' exercises aimed at quantifying the importance of foreign and 
domestic R & D for the countries in the sample. Section VII summa- 
rizes the findings of this paper and discusses the implications for the 
debate on international knowledge spillovers. 

II. The Different Guises of R & D Spillovers 

One reason for the existence of R & D spillovers is the fact that 
technology has important public good aspects. Knowledge can be 
used by more than one firm at the same time, without the use by one 
firm prohibiting the use by other firms (non-rivalry), and other firms 
than the firm that developed the knowledge can often not be excluded 
from using the knowledge (non-excludability). As is now widely rec- 
ognized, this establishes the need for intellectual property rights (for 
example, in the form of a patenting system) and, moreover, this may 
lead to 'underinvestment' (from an economy-wide perspective) in 
knowledge-creating activities such as R&D. Knowledge, in other 
words, has important externalities, or spillovers. 

The exact mechanisms through which spillovers occur are many- 
fold, but still ill-understood. For example, knowledge may be 'embod- 
ied' in people, who, if they change jobs, carry the knowledge to their 
new employer, or it may be embodied in products like investment or 
intermediary goods. Knowledge may be exchanged at conferences and 
meetings, or through the (specialized) press. Other, more controver- 
sial processes through which spillovers may occur are reverse engi- 
neering and even industrial espionage. The sources of relevant techno- 
logical knowledge are also manyfold. Knowledge may stem from 
universities, public research institutes, other firms or private inven- 
tors. Within the group of other firms, knowledge may either stem 
from direct competitors who are in the same line of business, or from 
firms producing completely different products, but with 'relevant' 
technologies underlying their production process. 
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Within the various forms of spillovers, Griliches argued that 
spillovers embodied in products form a specific category. For exam- 
ple, one may imagine a firm using computers in its production process 
benefitting from technological developments in the computer indus- 
try. The extent to which, for example, improvements in the calculation 
speed of the new computer has an impact on the productivity of the 
computer-using firm may be assumed to be proportional to the invest- 
ment in new computer equipment that the firm undertakes. The more 
old computers it replaces by new computers, the higher the productiv- 
ity gains will be. However, there is one problem with this line of 
reasoning. Computers are traded goods, and one would expect that 
increased performance of computers would therefore be reflected in 
higher prices. If, for example, the computer industry would consist of  
only one firm, and demand would be perfectly inelastic, this monop- 
olist would have the bargaining power to make the computer-using 
firms pay a price which reflects the increase in performance com- 
pletely, i.e., the price-quality ratio would remain constant. In this case, 
there would be no spillovers at all, because the computer-using firm 
will not experience any increase in productivity (the 'physical' produc- 
tivity gains, e.g. in terms of the number of calculations per unit of 
time, will be completely offset by increases in the price it has to pay 
for computers). 1 

The reason that one does not see such a situation in practice (in the 
above example, computer prices have been falling steadily over the 
last decades, while performance, at the same time, has been going up 
drastically) is that in reality markets are not completely concentrated, 
and demand is elastic to some extent. The more competitive an indus- 
try is, and the higher the price elasticity of demand, the lesser the 
extent to which price increases will be offsetting the quality increases. 
Thus, we would expect that these spillovers would not only be related 
to the magnitude of the trade flows, but also to the market structure 
in the supplying and using industries. 

Griliches (1979) termed this form of spillovers 'rent spillovers', 
because they are crucially related to the rents of both the receiving and 
supplying firm. On a different, more semantic level, Griliches (1992) 
has argued that as long as goods are being traded between the supply- 
ing and receiving party, there are no 'real' externalities, in the strict 

Implicit in this discussion is the assumption that performance increases of the invest- 
ment good result from technological change, i.e., they are not matched by proportion- 
ate increases of the production costs for the investment good-producing firm. 
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sense of the word, involved. Although one might therefore argue that 
the term 'spillover' is less appropriate in this case, there is no need to 
abandon the terminology as long as it is clear that rent spillovers 
involve a different process than the pure knowledge spillovers, the 
other form of R & D spillovers that Griliches noted. 

Knowledge spillovers are true externalities: in principle, they do 
not involve any market transactions (although, obviously, knowledge 
spillovers may occur between parties who are involved in market 
transactions), so they are the real instance of the public goods aspects 
of technology that were discussed above. In summary, rent spillovers 
are mainly related to the market structure in the technology-produc- 
ing industries, while pure knowledge spillovers stem from the nonrival 
and nonexcludable character of technology. 

III. Measurement Issues 

In the empirical literature, it has become standard practice to 
transform R & D expenditures into a stock measure (by summing over 
some period of time, and applying a depreciation rate, usually fixed), 
and to relate this stock to productivity performance of the firms, 
sector or nation. The stock idea captures the notion that knowledge 
is cumulative, i.e., that it is not only presently developed knowledge 
that matters. By assuming depreciation of the knowledge stock the 
notion that newly developed knowledge makes some of the older 
knowledge obsolete (e.g., digital technology rendered analog comput- 
ers obsolete) is captured as well. By calculating two R & D stocks, one 
consisting of 'own' R & D  efforts, and the other of R & D  efforts by 
other firms (or sectors, or nations), one may estimate different elastic- 
ities (or rates of return) with regard to 'direct' and 'indirect' R & D, the 
latter of which is taken as R & D spillovers. This is also the approach 
that will be adopted in this paper. 

An important consideration in this approach is which R& D ex- 
penditures to include in the indirect R & D stock. As was argued by 
Jaffe (1986) in the context of a firm study, and later on by Park (1995) 
in the context of international spillovers, R& D undertaken by one 
firm may be more relevant than R & D by another firm. This does not 
necessarily have to be related to 'technological similarity' (as Jaffe and 
Park argue) between firms, however. A firm undertaking research in 
computer technology, for example, may benefit more from R & D by 
firms in electronics than from R & D  by other firms in computer 
technology. This 'intersectoral' nature of technology spillovers was 
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the subject of studies like, e.g., Scherer (1982), Putnam and Evenson 
(1994) and Verspagen (1997). In these studies, so-called technology 
flow (or spillover) matrices were constructed which quantify the tech- 
nology flows between sectors. 

Scherer (1982) and Putnam and Evenson (1994) take the perspec- 
tive of 'innovation-producing' sectors and 'innovation-using' sectors. 
For example, the development of a new type of plastics will be 'pro- 
duced' in the chemicals industries, and 'used' in the plastics products 
industry. Such an 'input-output'  line of reasoning, as argued by 
Verspagen (1997), is a natural extension of Griliches' (1979) concept 
of rent spillovers. 

Pure technology spillovers, as argued above, are not directly re- 
lated to such input-output relations. Verspagen (1997) proposed three 
different matrices to measure such spillovers from a more 'technology- 
oriented' perspective (see also Grupp 1996). It was argued that these 
methods are more in line with Griliches' concept of pure knowledge 
spillovers. The first two of the three methods use data from the 
European patent office, which assigns each patented invention to a 
single 'main technology class', and one or several 'supplementary 
technology classes'. A concordance scheme between the technological 
classes (so-called IPC) and industries (ISIC, rev. 2) assigns both the 
main technology class and the supplementary technology class to an 
industry. The main technology class is taken as an indication of the 
industry that generates the knowledge, and the supplementary tech- 
nology class is taken as an indication of a spillover-receiving firm. 

This paper will, in order to keep the number of regressions to be 
presented within reasonable limits, only use the first of the two ma- 
trices based on EPO data. A third spillover matrix in Verspagen 
(1997), which is constructed using data from the U.S. patent office on 
the basis of patent citation information, will also not be used. 2 The 
results for the first EPO matrix will be compared to those for the 
matrix constructed by Putnam and Evenson (1994). The latter is taken 
as aimed at measuring rent spillovers, the matrix from Verspagen 
(1997) as aimed at measuring pure knowledge spillovers. The matrix 
constructed by Putnam and Evenson is known as the 'Yale matrix', 
terminology that will be used to identify this approach below. 

The present paper constructs indirect R & D stocks on the basis of 
these spillover matrices by summing over R & D performed by firms 

2 The interested reader is referred to Verspagen (1997) and Los and Verspagen (1996) 
for differences between estimations based on all three matrices. 
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in different sectors and different countries, and using the spillover 
matrices as well as trade flows as weights in the summat ion  (formal 
definitions will be given below). The current approach thus extends on 
the approach by Coe and Helpman (1995) by using sectoral da ta  and 
assuming a different a priori weighting scheme for sectoral technology 
linkages: in the current approach these are based on explicit measur- 
ing on the basis o f  patent  statistics, while equal weights o f  one were 
(implicitly) assumed by Coe and Helpman.  3 

IV. The Empirical Approach and Construction of the Variables 

This paper uses the approach that  was pioneered by Griliches and 
Mairesse (1984) in the context  o f  a micro-level s tudy on the determi- 
nants  of  R & D on productivity.  It starts f rom a simple Cobb-Douglas  
product ion function 

Qij, = Aij K~ot L~jt r ~ I]~,j, (1) 

where Q is product ion,  A is a scale variable, K is the capital stock, L is 
labour  input, RD is 'own'  R & D ,  IRD is domestic ' indirect '  R & D ,  
and I R F  is foreign ' indirect '  R &  D (all R & D variables are measured 
as stocks, see below). The subscripts i , j  and t refer to a country,  sector 
and period, respectively, while a, ~, 0, 5 and ~b are elasticities that  will 
be estimated. Expressing all variables except indirect R & D in labour- 
intensive form, taking logs and denoting 2 = �9 + / / +  O - 1, this can be 
written as 

q - l = a + a ( k - 1 ) +  2 I+0 (rd-l)+r ird+dp irf . (2) 

Smaller-case letters denote (natural) logs, subscripts are suppressed 
for simplification. Note  that  when 2 = 0, the product ion structure is 
characterized by constant  returns to scale with regard to the sector's 
'own'  inputs (including R & D ) .  For  est imation purposes, an error 
term is appended to this equation. 

3 Coe and Helpman (1995: 863), commenting on the type of spillover matrices used in 
this paper, state that "in microeconomic studies of technological spillovers it is common 
to seek a metric, such as 'technological closeness', in order to gauge the intensity of 
spillovers... In our case it is most natural to use import shares as measures of intensity. 
This is the more so whenever productivity gains are related to imports of intermediate 
inputs as exemplified by the theoretical model". From the point of view adopted here, 
this remark is besides the point, because the two weighting schemes are applied for 
different purposes: the matrices capture intersectoral spillovers, while import shares 
capture the international distribution of spillovers. Only a combination of the two can 
provide a full picture. 
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All data used to construct the variables are taken from the OECD 
STAN, ANBERD and BITRA databases (with two exceptions noted 
below). Output is measured as value added in constant prices (directly 
taken from STAN, which applies sectoral producer price indices) and 
PPP to the US dollar, labour as the number of persons employed (data 
on hours worked were unavailable). The capital stock is constructed 
by applying a perpetual inventory method to the time series for invest- 
ment (converted into constant prices, in investment PPP to the US 
dollar, the latter taken from the Penn World Tables), according to 

Kt=(1-~/) Kt_ l + It, (3) 

where ~/is the exogenous deprecation rate (assumed to be 0.I 5), and 
I is investment. The initial capital stock (at time t) is calculated as Is+ I 
times 5, consistent with an initial growth rate of the stock of 5 per 
cent. A similar approach (also using a value of 0.15 for the deprecia- 
tion rate and an assumed initial growth rate of 5 per cent) is used to 
construct the knowledge stocks at the sectoral level, using R&D 
expenditures instead of investment in fixed capital. In this case, a 
specific deflator is not available, and the PPP for GDP (again from the 
Penn World Tables) is used to convert to a common currency. In the 
estimations, the two first observations for the knowledge and capital 
stocks were omitted, in order to avoid problems related to the initial- 
ization of these stocks. 

The indirect knowledge stocks are calculated using the intersec- 
toral and international weights. For the domestic indirect knowledge 
stock, IRD, this is done as follows: 

IRDi~ = ~ COjk RD o (1 -- mij ), (4) 
J 

where m denotes the share of imports on the domestic market, cojk is 
the share of inventions made in sector j spilling over to sector k, as 
measured by either the 'Yale' matrix, or the pure knowledge spillover 
matrix, and i denotes the country. For the indirect international 
knowledge stocks, the definition is: 

IRFik = ~ 2~ wjk RDhj sihi mij, (5) 
h j 

where s~hi is the share of country h in imports of goodsj  into country i. 
The import-weighting of the indirect R & D variables has a straight- 
forward interpretation in the case of the Yale (rent spillovers) technol- 
ogy flow matrix: it forms only a natural extension of the embodiment 
idea that underlies the technology flow matrix in this case. In the case 
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of pure knowledge spillovers (EPO matrix), the interpretation is per- 
haps less straightforward, because this matrix does not rely on as- 
sumptions regarding embodiment. However, in this case import- 
weighting is taken as an indicator of the degree of interaction between 
the countries involved, which is likely to have an impact in terms of 
to what extent spillovers flow between the countries. In addition to 
these theoretical reasons for import-weighting, there is also a very 
practical reason for applying these weights: because the technology 
flow matrices are assumed to be identical for all countries, the import- 
weighting introduces variation in the data for international indirect 
R & D  variables (see also Mohnen 1995). 

Finally, note that this paper follows earlier papers such as Verspa- 
gen (1997) and Van Meijl (1995) in setting the diagonal of the spillover 
matrix to zero (tgjj=0) when calculating domestic spillovers. The 
reason for doing so is that if the diagonals are relatively important, 
'own' (direct) R& D and (domestic) spillovers will be correlated due 
to double counting, leading to multicollinearity. Setting o~jj = 0, and 
noting that all estimations are performed for sectors, avoids double 
counting and internalizes intra-sectoral spillovers into the elasticity of 
'direct' R & D. For foreign spiUovers, there is no double counting, so 
there is no direct danger for multicollinearity (nor is it possible to 
'internalize' spillovers similarly to the domestic case). Thus, the diag- 
onal is not set to zero for foreign R & D spillovers. 

V. Estimation Results 

The available dataset is a panel of 22 sectors, 14 countries and, in 
principle, 19 years (1974-1992). 4 However, data for some of the years 
are missing, while in some cases, complete time series are missing. 
Thus, the panel is 'unbalanced'. Following Griliches and Mairesse 
(1984), two different estimation forms will be used. The first explores 

4 Countries: Australia, Canada, Denmark, (West) Germany, Finland, France, United 
Kingdom, Italy, Japan, Netherlands, Norway, Spain, Sweden, United States. Sectors 
(ISIC rev. 2 codes): food, beverages, tobacco (31), textiles, leather, footwear (32), wood 
and wooden products (33), printing and publishing (34), chemicals, excl. pharmaceuti- 
cals (351 + 352-3522), refined oil and related products (353 + 354), rubber and plastic 
products (355 + 356), glass, stone clay (36), ferrous basic metals (371), non-ferrous basic 
metals (372), simple metal products (381), machinery (382 - 3825), computers and office 
machines (3825), electrical goods (383-3832), radio, TV, telecommunication equip- 
ment and electronic components (3832), ships and boats (3841), automobiles (3843), 
aerospace (3845), other transport equipment (384- 3841 - 3843- 3845), instruments 
(385), other manufacturing (39). 
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the cross-section dimension of the data, and consists of doing an 
ordinary least squares estimate on the mean values over time for each 
country/sector combination. This is the so-called BETWEEN esti- 
mate. The second, so-called WITHIN estimate, consists of an ordi- 
nary least squares estimation on data from which the country/sector 
mean (over time) has been subtracted. This is equivalent to using the 
pooled data and including a dummy-intercept for each country/sector 
combination, and thus takes into account so-called fixed effects for 
each individual country/sector. This estimation form thus focuses on 
the time-series dimension of the data. (A possible third estimation, the 
TOTAL, which is an OLS on the full panel, is not documented in order 
to save space.) 

The way in which the R & D stocks are constructed assumes that 
R & D becomes effective immediately, which is an odd assumption to 
make, given that one would expect that the effects of research only 
penetrate the production process after a certain lag. In order to avoid 
this problem, all R & D variables were lagged one year. 5 

Tables I and 2 document the BETWEEN and WITHIN estima- 
tions for various samples. For the complete sample, there are signifi- 
cant differences between the BETWEEN and WITHIN estimates in 
terms of the significance of the spillover variables. Domestic spillovers 
are significant and positive in both estimations (although for knowl- 
edge spillovers using BETWEEN only at the 7 per cent level with a 
t-value of 1.81), but are highest for the WITHIN estimates. Foreign 
spillovers are not significant, although positive, in the BETWEEN 
model. In the WITHIN model, the estimated elasticities for foreign 
spillovers are higher and significant. For knowledge spillovers, the 
elasticity for foreign spillovers is higher than for domestic spillovers, 
but for rent spillovers, the two are about equal. 

Direct R & D  and the capital-labour ratio are both significant 
and positive, and have plausible values in both the BETWEEN and 

5 In the case of  direct R & D ,  this means that the fight-hand side variable is the lagged 
R & D  stock minus the current labour input (both taken in logs). Indirect R & D  is not 
expressed in labour-intensive form. Estimations with different lag lengths (zero to four 
years) were performed. The general picture that emerged from this is that especially the 
parameter estimates for indirect R & D are sensitive to lagging. The other parameters, 
including the one for direct R &D do not change very much for different lags. For 
indirect R & D ,  the parameter values do not change very much between the estimations 
with positive lags, the major dividing line is between not lagging at all and lagging one 
year. Therefore, it was decided to run all subsequent regressions in this paper with all 
R & D  values lagged one year. The results for other lag lengths are not presented here 
in order to save space, but are available from the author on request. 
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Table 1 - BETWEEN-Estimations of the Basic Equation 

~ [ 0 I fi ~b [ 2 [ a ladj,  RZ 

Knowledge 

Rent 

Knowledge 

Rent 

Total sample 
0.426 0.068 0.029 0.012 -0.003 4.570 0.56 

12.88 3,73 1.81 0,74 -0 .12 8.06 
0.427 0.052 0.056 0.025 -0.025 4.174 0.56 

13.65 2.74 2.59 1.66 - 1.01 7.95 

High-tech sample 
0.427 0.045 0.166 -0.033 -0.211 5.497 0.67 
4.20 0.65 2.52 -0.71 -2.33 3.01 
0.480 0.025 0.229 0.047 -0.233 2.580 0.68 
5.05 0.37 3.25 0,77 -3.01 1.19 

Mediam-tech sample 
0.322 0.104 
4.93 4.24 
0.322 0.084 
5.11 3.02 

Knowledge 

Rent 

Knowledge 0.331 0.018 
6.10 0.73 

Rent 0.311 0.035 
5.83 1.46 

Note: First line gives parameter estimate, 

0.008 0.025 0.043 5.012 0.47 
0.35 0.88 1.40 4,22 
0.043 0.030 0.010 4.797 0.47 
1.25 1.20 0.27 4.37 

Low-tech sample 
0.020 0.051 0.039 4.789 0.35 
1.00 2.17 1.37 6.45 
0.016 0.036 0.034 5.301 0.34 
0.58 1.77 1.09 7.92 

second line corresponding t-value. 

WITHIN estimations. The WITHIN estimates yield strongly negative 
values for the coefficient on labour, which points to strong decreasing 
returns to scale with respect to capital, labour and direct ('own') 
R & D. This seems to be an unrealistic result, but it is one that has been 
found by other studies on R & D and productivity (e.g., Griliches and 
Mairesse 1984). It might be the result of  misspecification (see, e.g., 
Mairesse and Sassenou 1991, for a discussion). In order to test for the 
impact this has on the other elasticities, regressions were estimated in 
which labour was excluded as a separate factor, i.e., in which constant 
returns to scale were imposed. These showed no marked differences 
with respect to the results reported here. These regressions are avail- 
able from the author on request. 

Given the different production structure and differences in techno- 
logical opportunities between sectors, one might indeed argue that the 
estimated elasticities vary between sectors. In Verspagen (1995), a 
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Table 2 - WITHIN-Estimation of the Basic Equation 

 l k ladjR2 
Knowledge 

Rent 

Knowledge 

Rent 

Knowledge 

Rent 

Knowledge 

Rent 

Note: First line gives parameter  

Total sample 
0.302 0.077 0.095 0.133 - 0 . 2 5 0  0.92 

18.00 7.85 8.56 13.71 - 14.09 

0.298 0.054 0.138 0.130 - 0 . 2 5 6  0.92 
17.75 5.31 11.31 13.47 - 1 4 . 2 3  

High-tech sample 
0.157 0.111 0.115 0.101 - 0 . 4 8 3  0.95 
4.00 4.14 5.23 4.44 - 8 . 9 4  

0.169 0.009 0.282 0.080 - 0 . 5 2 3  0.96 
4.55 0.32 9.68 3.42 - 10.12 

Medium-tech sample 
0.421 0.130 0.081 0.079 - 0 . 0 4 4  0.84 

13.45 5.01 2.86 4.20 - 1.53 

0.435 0.143 0.058 0.062 - 0 . 0 1 6  0.84 
14.12 5.77 2.72 3.57 - 0 . 6 5  

Low-tech sample 
0.200 0.032 0.084 0.141 --0.433 0.88 
8.22 2.61 6.20 10.95 -- 15.83 

0.179 0.012 0.132 0.152 --0.440 0.88 
7.22 0.93 7.45 11.02 - 16.11 

estimate, second line corresponding t-value. 

distinction between high-, medium- and low-tech sectors proved fruit- 
ful for estimating the relationship between R& D and productivity. 
Tables 1 and 2 therefore document separate regressions for high-, 
medium- and low-tech sectors. The assignment of individual sectors 
into these broad categories is admittedly arbitrary, although it is 
based on mean R & D-output ratios. High-tech industries (ISIC, rev. 2 
codes between brackets) include pharmaceuticals (3522); computers 
and office machines (3825); electronics (3832); aerospace (3845) and 
instruments (385). Medium-tech industries include chemicals (351 + 
352 - 3522); machinery (382 - 3825); electricals (383 - 3832); automo- 
biles (3843) and other transport ( 3 8 4 - 3 8 4 1 - 3 8 4 3 - 3 8 4 5 ,  includes 
among other things high-speed trains). All other sectors are classified 
as low-tech. 

The results seem to indicate that there are indeed important differ- 
ences between sectors with regard to all of  the elasticities. The less 
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significant results for spillover variables using the BETWEEN model 
remain: only domestic spillovers in high-tech and foreign spillovers in 
low-tech are significant for subsample BETWEEN estimates. For the 
WITHIN model, all spillover variables are significant. The elasticity 
of direct R & D, surprisingly, is highest in the medium-tech sectors. It 
is not significant in the high-tech or low-tech sectors for BETWEEN, 
and for WITHIN, significant estimates are only obtained in the knowl- 
edge spillovers variants of the equations. 

In summary, it is clear that the impact of all three R & D variables 
that are considered in this paper differs between sectors. With regard 
to direct R & D, the picture is clear: the impact is highest in medium- 
tech industries, and lowest in low-tech industries. A more complicated 
situation emerges for indirect R & D. In medium-tech industries, the 
elasticities on domestic and foreign spillovers are about equal, in both 
variants of the spillover variables. This also holds for high-tech using 
knowledge spillovers, and low-tech using rent spillovers. Domestic 
rent spillovers in high-tech are much more effective than foreign (pos- 
sibly indicating the importance of local user-supplier interfaces), 
whereas foreign knowledge spillovers are more effective than domestic 
in low-tech. 

Comparing the estimated elasticities for equations with rent spill- 
overs and knowledge spillovers shows differences indeed, although 
these are not always straightforward to interpret. There is no fixed 
pattern in which one type of spillovers generally yields higher elastic- 
ities than the other type. This makes it difficult to give an economic 
interpretation of the numeric differences, but the results do show that 
the results one gets depend on which of the two spillover concepts is 
used. Unfortunately, estimating an equation with both types of 
spillovers present proved to be uninformative due to multicollinearity 
problems. 6 

The comparison of the BETWEEN and WITHIN results provide 
an interesting perspective on the results of Coe and Helpman (1995). 
As Mohnen (1995) concludes, Coe and Helpman find relatively strong 
effects of international R & D spillovers when compared to other stud- 
ies investigating this effect (such as Gittleman and Wolff 1995, and 
Verspagen 1994). The main methodological difference between those 

Estimating such an equation is possible, of course, but the individual parameter 
estimates on the two types of spillovers would be difficult to interpret due to the 
collinearity between the variables. For pure prediction purposes, however, this would 
not be a problem, but if one is interested, as is the case here, in the individual parame- 
ters, such an approach is not very useful. 
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papers and the Coe and Helpman study is that the latter use a 
WITHIN methodology, while the others used a setting that can be 
characterized as BETWEEN (a cross-country sample of means over 
time). The results here indicate that BETWEEN and WITHIN esti- 
mates may differ widely. It has to be noted, however, that the model 
here is different from that by Coe and Helpman. Not only did they use 
country-level data for a wider set of countries, not applying any other 
weighting than by imports, they also used TFP as a dependent vari- 
able, which, in effect, means they did not estimate a, but inferred it 
from the data in combination with the constant returns to scale (with 
regard to capital and labour) and perfect competition assumptions. 
Although one may conjecture that especially the latter makes a large 
difference with the results found here (because of the implausible 
value for 2 found in the WITHIN estimates), the results also indicate 
that the various R & D elasticities are not very sensitive for including/. 

It thus seems as if at least part of the strong evidence in favour of 
the importance of foreign knowledge spillovers found by Coe and 
Helpman (1995) results from their specific time-series focus, a point 
already suggested by Mohnen (1995). Adopting a cross-country/sec- 
tor focus, at least in the results here, makes a world of difference, 
leading to a much smaller impact of (international) spillovers. 

The results presented in this paper do not have much to say about 
the reasons underlying the differences between the time-series and 
cross-section perspectives. One interpretation is that part of it might 
be related to differences in the ability of individual countries to assim- 
ilate (foreign) R& D spillovers. In a time-series perspective like the 
WITHIN model, such differences are likely to be picked up in the 
(implicit) time series-specific dummy variables, which is impossible in 
a cross-section (BETWEEN) framework. Thus, leaving differences in 
capability to assimilate spillovers out of the analysis may distort BE- 
TWEEN estimates (due to misspecification), while leaving WITHIN 
estimates relatively unaffected. This is not to say that the WITHIN 
estimates are not valid. They do, however, seem to leave out a signif- 
icant part of the story on spillovers, namely that spillovers are not 
'automatic' but depend on the receivers' capability to assimilate 
spillovers. 

One might even speculate further, and argue that such differences 
with regard to the capability to assimilate spillovers would be less 
prominent in the case of rent spillovers than the case of pure knowl- 
edge spillovers. The reason for this would be that in the ease of pure 
rent spillovers, less 'originality' or 'creativity' is required to incorpo- 
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rate these spillovers in a firm's own production process. Using a piece 
of machinery, even if it is innovative and new, is 'easier' than imple- 
menting and using the results of another firm's R & D in one's own 
innovation process. Thus, it could be expected that the differences 
between the WITHIN and BETWEEN estimates would be larger in 
the case of pure knowledge spillovers than in the case of rent 
spillovers. This is indeed the case: for rent spillovers, the BETWEEN 
estimates still yield 'somewhat significant' results, while for pure 
knowledge spillovers, t-values drop below any acceptable levels. 

The time-series perspective of the WITHIN estimations introduces 
another danger into the analysis, related to the possibility of spurious 
correlation due to non-stationarity of the main variables in the analysis. 
If the variables in the analysis are indeed non-stationary, the results 
of estimates using levels as in Table 2 are only useful in case they can 
be regarded as co-integration relationships. (The BETWEEN esti- 
mates lack a time dimension, so they do not suffer from this problem.) 
The analysis here does not explicitly test for non-stationarity of the 
variables, nor for co-integration of the estimated equations in Table 2. 
The reason for this is that the time series are relatively short (about 
20 years at most), and that techniques for testing for non-stationarity 
using the panel dimensions of the data are relatively undeveloped yet 
(see Los and Verspagen 1996, for an application and discussion of 
R & D variables at the firm level). 

Instead, the issue is tackled by estimating an error correction 
model (ECM) variant of the Cobb-Douglas equation applied so far, 
using the Engle-Granger 2-step procedure (see e.g., Banerjee et al. 
1993). This procedure, similar to Coe and Helpman (1995), amounts 
to estimating the WITHIN model in levels as in Table 2, calculate the 
residuals from this regression, and include them (lagged one period) 
in a first difference version of the original model. If the estimated 
relationship is a co-integrating one, the lagged residual will turn up 
negatively, indicating the variables move towards their long-run equi- 
librium (as indicated by the parameter estimates of the model, the 
so-called co-integration vector). The (first-step) estimated elasticities 
from such a model can thus be interpreted as true long-run relation- 
ships between the variables involved. 

Table 3 documents the results from this procedure. Note that 
WITHIN estimates were used in the (first step) level estimations (an 
alternative would have been to use TOTAL estimations here). This 
means that although no dummy variables were included in the second 
step (estimation on first differences), the results do account for fixed 
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Table 3 - Error Correction Model Estimates 
(Based on WITHIN-Level Estimates) 

r e s ( - l ) ]  adj. R 2 

Total sample 
0.203 0.102 0.034 0.049 - 0 . 2 3 2  - 0 . 2 5 2  0.19 
8.40 7.36 3.88 4.99 - 7 . 7 7  - 2 3 . 5 0  

0.187 0.090 0.064 0.075 - 0 . 2 3 6  - 0 . 2 5 7  0.19 
7.61 6.37 4.80 5.76 - 7.87 - 23.70 

241 

High-tech sample 
0.159 0,177 0.025 0.061 - 0 . 2 8 2  -0 ,253  0.16 
2.85 4.83 1.15 2.80 - 3 . 7 5  -10 .91  

0.143 0.137 0.083 0.074 -0 .273  - 0 . 2 8 7  0.19 
2.58 3.60 2.95 2.54 --3.67 --11,83 

Medium-tech sample 
0.348 0.078 0.022 0.032 - 0 . 1 0 4  - 0 . 2 6 6  0.18 
8.35 2.44 1.0t 1.42 - 1.97 - 11.84 

0.339 0.074 0.065 0.036 - 0 , 1 1 9  - 0 . 2 7 2  0.18 
7.96 2.33 1.86 1.57 -2 .21  - 1 1 . 8 9  

Low-tech sample 
0.087 0.084 0.040 0.045 - 0 . 3 4 2  --0.257 0.21 
2,38 5.15 3.99 3.76 - 7 . 9 3  -17 .35  

0.061 0,071 0.061 0.105 --0.339 --0.251 0,21 
1.62 4.27 3.84 5.32 - 7.81 - 17.01 

gives parameter  estimate, second line corresponding t-value. 

effects, and should properly be compared to the static estimations in 
Table 2. 

The ECM estimates generally yield higher elasticities for direct 
R & D  and lower elasticities for R & D  spillovers. The medium-tech 
sample is an exception to this, where direct R & D has lower elastic- 
ities. For the sample as a whole, the significant and positive impact of 
R& D spillovers remains present. In medium-tech, however, the sig- 
nificant impact of spillovers largely vanishes in Table 3, only domestic 
rent spillovers are significant (although at the 6 per cent level, with a 
t-value of 1.86). Otherwise, only domestic knowledge spillovers in 
high-tech are insignificant, whereas spillovers in low-tech sectors re- 
main positive and significant throughout. 

Overall, the results in this section suggest that R & D  spillovers, 
either in the form of pure knowledge spillovers or in the form of rent 
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spillovers, are indeed an important factor in explaining international 
differences in productivity (growth). There is some, although indirect, 
evidence, however, that the receiving country's capability to assimilate 
such spillovers does matter. 

VI. Total Factor Productivity and the Domestic 
and Foreign Sources of Its Growth 

The analysis now turns to the underlying question in the paper: 
what are the sources of  national TFP growth? In order to provide 
some insights into the implications of  the estimation results with 
regard to this question, simulations were carried out in which the 
growth rate of  TFP as predicted by the estimated ECM's  for high-, 
medium- and low-tech in Table 3 were used. In order to do this, the 
predicted growth rate of  TFP  was first calculated at the level of  the 
22 sectors in each country, using the functional form (2) in combina- 
tion with the parameter estimates in Table 3 and the underlying data 
on R & D stocks and import shares. Note that this assumes that R & D 
is the only source of  TFP  growth, or, in other words, TFP is not 
calculated as a residual, but rather as the summed effect of  all three 
R & D variables. This implies that the TFP growth rates given here do 
not correspond with TFP  growth rates that would result from the 
actual data, when calculated using the familiar residual formula. 

The calculations were done for the growth rate of  TFP and the 
R & D stocks over the 1980-1988 period. These results were weighted 
by 1980 sectoral shares in production to obtain a manufacturing-wide 
result. The effects related to direct R & D and domestic indirect R & D 
were aggregated into the domestic component  of  TFP  growth, the 
effects related to the foreign indirect R & D variable were assigned to 
each of  the 13 other countries. For  three countries in the sample 
(Canada, Denmark, Spain), complete sectoral production data were 
not available, which is why they are excluded in the columns of  
Table 4. 7 This table gives the results of  the calculations in terms of  the 

7 In order to avoid problems with the availability of some of the underlying data on 
import shares and import propensities, the contributions of foreign countries to domes- 
tic TFP was calculated on the basis of the partial derivatives of the total foreign 
knowledge stock with respect to the knowledge stocks of the foreign countries, or in 
other words, import shares and import propensities were assumed to remain constant 
(1980 values of these variables were used). Thus, the equation for the contribution 
country k to country z"s TFP growth rate in sectorj is calculated as ( ~  co o RL)kl Sikt m,,)/ 
IRF o. The dot indicates the change from 1980 to 1988 of the R&D stock variable. 
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T a b l e  4 - The Simulated Impact o f  (Foreign) R & D  on TFP Growth, 
in per cent o f  Total TFP Growth over 1980-1988 

D OtFI  
Knowledge spillovers 

AUS 36 0 0 0 1 0 0 1 1 0 1 
DEU 7 47 8 9 10 7 2 11 9 8 15 
FIN 0 0 32 0 1 0 0 1 0 0 1 
FRA 3 3 3 31 4 3 2 3 3 3 6 
GBR 2 1 2 1 12 1 0 2 2 1 3 
ITA 2 2 2 2 2 45 1 3 2 2 3 
JPN 17 14 17 21 26 16 71 29 22 20 32 
NLD 1 0 0 1 1 1 0 21 1 1 1 
NOR 0 0 0 0 0 0 0 0 16 0 0 
SWE 1 1 1 1 2 1 0 2 2 32 2 
USA 29 30 34 31 41 25 23 25 41 30 33 
CAN 1 1 1 1 2 1 1 1 1 1 2 
DNK 0 0 0 0 0 0 0 0 0 0 0 
ESP 0 0 0 1 1 0 0 1 1 0 1 

Rent spillovers 
AUS 22 1 0 1 1 0 0 1 1 1 1 
DEU 11 33 9 11 10 8 5 13 9 10 15 
FIN 1 1 20 1 1 1 0 1 1 1 1 
FRA 4 3 3 19 4 3 2 4 3 3 5 
GBR 2 1 2 1 9 1 1 2 2 1 2 
ITA 2 2 2 2 2 34 1 3 2 2 4 
JPN 23 25 23 28 29 22 69 35 26 26 39 
NLD 1 1 1 1 1 I 0 9 1 1 1 
NOR 0 0 0 0 1 0 0 1 8 0 1 
SWE 2 1 1 1 2 1 1 2 1 19 2 
USA 30 31 36 32 38 26 19 28 43 34 25 
CAN 2 2 1 1 2 1 1 2 1 1 3 
DNK 0 0 0 0 1 0 0 1 1 0 1 
ESP 1 1 1 1 1 1 0 1 1 1 , 1 

Note: Countries in rows are 'TFP-generating countries', countries in columns TFP- 
receiving countries', i.e., cell with row USA and column NLD means TFP growth 
in the Netherlands generated by R & D  stocks in the United States. Bottom row of 
each sub-block (without country label) indicates TFP growth (per cent) over 1980- 
1988 due to R & D .  Calculations on the basis of regression results in Table 4 and the 
underlying data in those regressions. 

p e r c e n t a g e  s h a r e  t h a t  e a c h  c o u n t r y  c o n t r i b u t e s  t o  t h e  T F P  g r o w t h  o f  

t h e  o t h e r  c o u n t r i e s .  T h e  r o w s  g ive  R & D / T F P - g e n e r a t i n g  c o u n t r i e s ,  t h e  

c o l u m n s  R & D / T F P - r e c e i v i n g  c o u n t r i e s .  F o r  e x a m p l e ,  t h e  l i ne  f o r  t h e  

U n i t e d  S t a t e s  in  t h e  u p p e r  b l o c k  o f  t h e  t a b l e  s h o w s  t h a t  t h e  U n i t e d  

S t a t e s  c o n t r i b u t e s  23 p e r  c e n t  o f  t h e  t o t a l  T F P  g r o w t h  in  J a p a n  ( t h e  
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lowest value), and 41 per cent of TFP growth in the United Kingdom 
and Norway (the highest values). 

It has to be kept in mind that these results are based on WITHIN 
estimations, which, compared to TOTAL or BETWEEN estimations, 
yield relatively high elasticities for foreign indirect R&D.  Similar 
calculations carried out for TOTAL estimations show markedly 
higher contributions of domestic R & D (these are available on request 
from the author). Given this framework, it turns out that the domestic 
contributions to TFP growth are larger when using pure knowledge 
spillovers instead of rent spillovers. Pure knowledge spillovers thus 
appear to be more 'local' than rent spillovers. Overall, the domestic 
contributions to TFP growth are small, typically less than one third 
of total TFP growth. Japan stands out as having a high value for the 
domestic contribution of R & D. 

The United Kingdom, Norway and the Netherlands stand out 
with low values of domestic TFP growth. There are three countries 
which have a relatively large impact on other countries' TFP growth: 
Germany, Japan and the United States (in increasing order of impor- 
tance). 

VII. Conclusions and Summary 

This paper adds to the recent literature on international R & D  
spillovers. Starting from a discussion of the different types of 
spillovers and the channels through which they occur, the paper pro- 
poses to use so-called technology flow matrices to quantify interna- 
tional spillovers at a sectoral level. Two such matrices were used. One 
of these, developed by Putnam and Evenson (1994), was argued to be 
capturing so-called rent spillovers, which result from the trade of 
improved products. The other one, developed by Verspagen (1997), 
aims at measuring so-called pure knowledge spillovers, which are 
related to the non-complete appropriability of technology developed 
by firms. (See Griliches 1979, for more details about the distinction 
between rent spillovers and pure knowledge spillovers.) 

The technology flow matrices measure the proportion of technol- 
ogy efforts in each sector that spills over to each other sector. By 
applying these proportions as weights together with import-share 
weights, the stocks of so-called 'indirect' R & D (one stock for R & D 
from domestic sources, and one for foreign sources) were calculated 
for a panel of 22 sectors, 14 countries and 19 years. A production 
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function was estimated in which the stocks of indirect R & D  were 
included alongside with direct (i.e., within-sector) R &D, the capital- 
labour ratio, and labour input. 

The results of this exercise point out that the strongest effects (in 
terms of the estimated size of the elasticities) are obtained when apply- 
ing a pure time-series perspective, i.e., when estimating a fixed effects 
(WITHIN) model. The results are weaker when estimating in the 
cross-section dimension. In the latter case, the estimated elasticities 
for rent spillovers drop to a 10 per cent significance level or lower, 
whereas the pure knowledge spillovers drop below the 10 per cent 
significance level altogether. 

This result is consistent with the literature on international tech- 
nology spillovers that does not apply technology flow matrices (but 
instead estimates on country-aggregated data). In this literature, the 
analysis by Coe and Helpman (1995) stands out for its strongly signif- 
icant results. The present results suggest that at least part of this 
strong correlation is due to the time-series perspective. Other papers 
on the subject, such as Gittleman and Wolff (1995) applied a cross-sec- 
tion perspective, and found non-significant results on international 
R & D spillovers. 

It was argued that this result might be due to the fact that foreign 
R & D is more effective in some countries than in others, or, in other 
words, that a country's capacity to assimilate foreign knowledge 
spillovers (in any form) matters. This would be consistent with finding 
more significant and higher parameters for foreign R & D in a time-se- 
ries context as compared to the cross-country/sector domain. It also 
seems plausible that this holds to a larger extent for pure knowledge 
spiUovers than for rent spillovers. Future research on models like the 
one by Coe and Helpman or the present one may yield additional 
conclusions on this matter. 

The WITHIN model was also estimated as an error correction 
model, using the Engle-Granger 2-step procedure, in which the signif- 
icant negative coefficient on the lagged residuals from level estima- 
tions pointed to co-integration. The general significance of the pro- 
posed R & D variables was confirmed by this procedure, although the 
values of the parameter estimations in the ECM turned up somewhat 
different from the level estimations (as expected). 

With regard to the distinction between rent spillovers and pure 
knowledge spillovers, the results indicate that this distinction is rele- 
vant to the debate on international R & D spillovers and their relation 
through trade. The estimation results show that the distinction be- 
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tween the two technology flow matrices does have an impact on the 
estimated elasticities of foreign and domestic indirect R & D. 

Finally, some simulations were undertaken with regard to the 
contribution of foreign R & D to R & D-related TFP growth on the 
basis of the estimation results. This analysis is aimed at providing 
insight into the answer to the practical question as to what is the 
'foreign' contribution to domestic productivity growth. The estimated 
contributions of foreign R & D sources to domestic TFP growth, esti- 
mated using the 'optimistic' WITHIN-ECM coefficients, turned out 
to be substantial: on average, around two thirds of total TFP growth 
for the case of pure knowledge spillovers, and somewhat higher for 
rent spillovers. Thus, pure knowledge spillovers turn out to be more 
local than rent spillovers. On the TFP-generating side, the United 
States, Japan and Germany stood out as the main countries having an 
impact on other countries' TFP growth. 

Overall, these results underline the importance of international 
and domestic R & D spillovers for productivity growth in the major 
OECD countries. The different ways in which this impact is being 
estimated, seems to suggest that there are indeed many ways in which 
these spillovers work. A simple interpretation, either in the form of 
R& D spillovers embodied in purchased inputs, or in the form of 
knowledge freely floating across international borders is not fa- 
voured, rather the evidence points to a mix of these different ways 
being at work simultanously. Econometric exercises like the present 
can underline the importance of R & D and its spillovers for growth, 
but the usefulness in quantifying the mechanisms through which these 
effects occur remains, until now, limited, due to problems with multi- 
collinearity and the relatively rough nature of the available indicators. 
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applied in the form of a 'simulation' of TFP growth per country, splitting (R & D-re- 
lated) TFP into a component due to domestic R & D and one due to foreign R & D. The 
results also show that the United States and Germany are the most influential countries 
in terms of contributions to other countries' TFP growth. JEL no. 030, 047 

Z u s a m m e n fa s s u n g : Die Sch~itzung internationaler Technologie-Spillover mit 
Hilfe von TechnologiefluB-Matrizen. - Der Verfasser untersucht die Auswirkung inter- 
nationaler SpiUover von Forschung und Entwicklung (R&D) auf die sektoralen 
Wachstumsmuster in OECD-L/indern. Er wendet Panel-Regressionstechniken auf ein 
Zeitreihen-Querschnitts-Panel an. Dabei kommt er zu dem SchluB, dab die Spillover 
von Kenntnissen wesentlich zum wirtschaftlichen Wachstum beitragen. Die Sch~itzer- 
gebnisse werden in Form einer ,,Simulation" des Wachstums der totalen Faktorproduk- 
tivit~t (TFP) pro Land angewandt, wobei die (R & D-relevante) TFP aufgespalten wird 
in eine Komponente, die durch heimische Forschung und Entwicklung (R & D) verur- 
sacht worden ist, und eine, die auf ausl~indischer R & D basiert. Die Ergebnisse zeigen, 
dab die Vereinigten Staaten und Deutschland die einfluBreichsten L/inder sind im 
Hinblick auf den Beitrag zum Wachstum der TFP anderer L/inder. 


