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Abstract

Using industry-level R&D and patent data for a sample of 29 countries for the period 2000-
2008, we study the importance of international supply linkages for knowledge spillovers. We find a
statistically significant effect of supply chains on international knowledge spillovers and show that
knowledge spillovers increase with the intensity of supply chain linkages between countries. We also
show that the evidence that knowledge spillovers flow along supply chains is more robust than the
traditional finding that knowledge spillovers depend on geographical distance or trade flows. This
finding supports policies that favour participation in supply chains to foster economic development.

1 Introduction

It is often argued that international supply chains can be a powerful channel for technology transfer.
They involve trade in goods, intermediate inputs, foreign direct investment and movement of key
personnel. Therefore, they provide access to knowledge embodied in goods produced abroad, as well
as to organizational and managerial know-how.

One argument is that knowledge flows easily within supply chains because outsourcing firms are
more willing to transfer knowledge. Within a supply chain, the firm outsourcing an input has an
incentive to transfer the technology required for its efficient production because it will eventually be
the consumer of that input and needs to assure compatibility with its own production process. As
Baldwin and Lopez-Gonzales (2013) states "When Toyota makes car parts in Thailand, they do not
rely on local know-how; they bring Toyota technology, Toyota management, Toyota logistics and any
other bits of know-how needed since the Thai-made parts have to fit seamlessly into the company’s
production network."

Another argument is that supply chain linkages intensify contacts between foreign firms and do-
mestic suppliers. When a foreign firm and a local supplier are part of the same production chain they
need to interact and coordinate to guarantee a smooth functioning of the chain. This face-to-face com-
munication will facilitate the transfer of non-codified knowledge.! A recent study by Hovhannisyan
and Keller (2011) finds that a 10% increase in business travel from the United States to a country
increases patenting in that country by about 0.2%.

Understanding whether supply chains affect knowledge spillovers and quantifying this effect is im-
portant. First, international supply chains are increasingly the dominant way of production worldwide.
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Technological innovation in transportation and communication services have reduced coordination and
trade costs, thus making it easier to separate different segments of the production process among dif-
ferent countries. Over time, international supply chains have expanded geographically moving from
being simply north-north, to north-south and more recently south-south (WTR 2014, forthcoming).

Second, the diffusion of knowledge across countries may be a powerful engine of growth and is a
crucial factor in explaining global income distribution. Countries have different levels of innovation
not only because they differ in terms of their investment in research and development (R&D), but also
because of their differences in the extent to which they benefit from research done abroad. If discover-
ies made in a foreign country increase R&D productivity in the home country (knowledge spillovers),
domestic firms have a higher incentive to innovate. This will generate higher growth. Therefore, if
knowledge spreads internationally through supply chains, then adopting policies to attract vertical
FDI or establish supplier development programmes may be justifiable.

Third, not all knowledge transfer, inlcuding a transfer through supply chains, represents knowledge
spillovers in the traditional economic sense. A supplying firm may need to invest into upgrading its
production technology to meet the request of its customer. The existence of a demand for a higher
quality product provides an incentive for this investment, but this is linked to the supplier’s ability
to invest in technology upgrading. Spillovers are the part of technology upgrading for which the firm
does not pay (or pays a lower cost than the initial cost of the technology). Furthermore, when a
firm outsources a specific task, for example sewing a car seat, it may just lend the technology of that
particular task and thus the host country loses the technology when the car manufacture leaves. This
type of technology flows - that Baldwin (2012) describes as "technology lending" rather than technol-
ogy spillovers - also provides countries with an opportunity for rapid industrial development, but this
growth may stop if the offshoring company moves to another country.

This paper tests whether the research activity and ideas generated in a foreign country, that has
supply chain linkages with the host country, influence the R&D productivity of the host country. In
order to capture knowledge spillovers, we measure innovation as the number of patent applications.
We depart in this way from the existing literature that generally measures knowledge spillovers by to-
tal factor productivity.?2 The advantage of focusing on R&D productivity rather than TFP is that the
latter is directly affected by the use of foreign intermediate inputs in production and by "technology
lending" while the former is not. If the home country imports high-tech inputs, domestic TFP may
increase because these inputs have higher price-adjusted quality. Yet, the increase in TFP in this case
does not reflect the fact that the importing country has acquired the knowledge embodied in these
goods.

Ours is the first paper that explores the impact of supply chains on knowledge spillovers in a sam-
ple of 29 countries covering the three main production networks in the world, namely Factory Asia,
North-America and Central-Eastern Europe.? Most of the existing literature on this topic focuses
on individual countries or on a subsample of OECD countries.* Furthermore, thanks to a recently
built database of international input-output tables, we are able to account for the actual geographical

2Using TFP as the dependent variable, the existing literature usually supports the view that supply chains foster
knowledge spillovers. Some studies show that the use of foreign intermediates is correlated with industry productivity,
mainly within the same industry and for high technology goods (Keller (2002a) and Nishioka and Ripoll (2012)). Other
studies show that productivity is correlated with vertical FDI. Several firm-level studies reveal that firms supplying
multinationals are not only the most productive to start with, but they also learn from their relationship with the
multinationals (Javorcik, 2004; Iacovone et al., 2011; Javorcik and Spatareanu, 2009).

3In our sample, Factory Asia is represented by China, Chinese Taipei, Japan and South Korea; Factory North-
America by Canada, Mexico and USA; and Factory Central-Eastern Europe by Austria, Germany, Czech Republic,
Hungary, Poland, Romania, Slovakia, Slovenia.

“For example, Keller and Yeaple (2009) focus on the United States, Goto and Suzuki (1989) on Japan, Javorcik (2004)
on Lithuania, Javorcik and Spatareanu (2009) on the Czech Republic; Iacovone et al. (2011) on Mexico. Other studies
that explore the role of FDI or imported intermediates on knowledge spillovers include: Keller (1998, 2000, 2002a),
Pottelsberghe de la Potterie and Lichtenberg (2001), Lee (2005) and Tang and Koveos (2008). They all focus on a subset
of OECD countries.



distribution of the imported foreign inputs of all countries. Previous studies instead had to assume
the same geographical distribution for intermediates and final goods or assume that countries had the
same input-output structure of the US.5

An issue often discussed in the literature is that of the identification of R&D spillovers. If, for
example, new technology opportunities arise in a certain sector, firms in all countries will invest more
in R&D in that sector and, at the same time, will be more likely to innovate. This effect may er-
roneously be measured as a spillover. To address this problem, we run a panel regression for the
subsample of countries for which we have the data. We use lagged values of R&D and control for
industry-year specific effects. In addition, we also use an instrumental variable approach. Also, relying
on the assumption that R&D in large economies at the technology frontier is less likely to depend on
opportunities arising in smaller countries, we look at the impact of R&D conducted in five advanced
economies on innovation in other countries.

Our results support the view that supply chains are a potential channel of international knowl-
edge spillovers. Countries participating in supply chains acquire part of the knowledge of the sending
country and increase their domestic R&D productivity. Yet, spillovers are stronger the stronger the
supply chain relationship between the technology sender and the user (when a country offshores the
production of certain components to re-import them).

We also show that the traditional finding that knowledge spillovers depend on geographical distance
no longer holds when supply chain linkages are taken into account. We find that stronger supply chain
linkages are associated with less geographically localized knowledge spillovers. On the basis of this
result, we argue that the expansion of international supply chains may explain the de-localization of
knowledge spillovers. Keller (2002b) estimates that knowledge flows at a distance of 2000 km between
senders and receivers increased from 5% to 50% between the periods 1973-83 and 1986-95. It may
not be a coincidence that precisely the period between 1985 and 1995 witnessed the fastest growth of
supply chains - a period that Baldwin (2011) identifies as the "second unbundling".

The rest of the paper is organized as follows: Section 2 discusses the analytical framework and our
empirical strategy. Section 3 describes the data and provides some stylized facts. Section 4 shows our
results. Section 5 investigates robustness of the results and Section 6 presents an extension. Section
7 discusses potential endogeneity issues and Section 8 concludes.

2 The Model

2.1 Analytical Framework

In order to analyze how R&D activity in one country influences innovative output of other country,
we rely on a standard innovation production function. Endogenous growth theory (Romer, 1990;
Grossman and Helpman, 1991) models innovation as a process that depends not only on private and
excludable inputs such as R&D investment, but also on the public stock of knowledge generated in the
past. Once an idea is discovered it becomes a public good and, as such, it may inspire and accelerate
new inventions. Therefore, private investment that generates new profitable inventions also enhances
productivity of R&D investment of other inventors, thus generating a positive externality - knowledge
spillovers.

A formalization of this idea is a simple function where new inventions (Al;) are produced by
combining the current R&D investment (R&D;;) wth the available stock of knowledge (I;;):

W Aliy = (R&Dip) - (Lir)™* - T[ (L),
J#i

®See Keller (2002a) and Nishioka and Ripoll (2012).



where 7,7 = 1, ..., N denote countries and ¢ denotes time. Parameters e; and ey are productivity of
R&D investment and productivity of the stock of knowledge, respectively. Ideas generated by the
investment in R&D undertaken abroad also constitute the overall stock of knowledge. It is often
assumed that although a country can draw upon both domestic and foreign stock of knowledge, the
latter is less accessible. The accessibility of the stock of knowledge in country j by country 7 is given
by the weight w;;.

There are several reasons why foreign stock of knowledge may be more difficult to draw upon than
the domestic one. As Keller (2004) summarizes in his review of the literature on technology diffusion,
even if knowledge is non-rival and codified for public use, some knowledge is only partially codifiable.
The non-codified part of knowledge can be nevertheless essential for follow-up innovations. This type
of knowledge is often transferred through face-to-face communication and therefore the degree of such
interactions between researchers will be a crucial determinant of knowledge spillovers. It is in general
assumed that interactions between researchers located in different countries are more difficult, and so
is the transmission of non-codified knowledge.

Our hypothesis is that the accessibility of foreign knowledge depends on supply chain linkages
between countries. Our argument is that international economic relations that involve a high degree
of coordination and cooperation increase the degree of face-to-face communication and therefore fa-
cilitate the transfer of non-codified knowledge. International supply chains trade is an indicator of
such relations. International production sharing involves a high degree of interdependency between
producers from different countries. Production of a good in one country depends on a timely delivery
of inputs from a factory abroad and these inputs need to be perfectly compatible with the domes-
tic production line. Furthermore, high-skilled personnel often flow within multinational firms across
borders to assure technological as well as managerial cohesion across production units in different
countries. Therefore, we expect that countries whose production processes are more interdependent
interact more, and that this in turn facilitates transfer of knowledge.

2.2 Empirical Model

Our empirical specification follows from the model specified in equation (1). Using the number of
patents as a proxy for innovation, the equation we estimate is:%

(2) Patents;, = exp(a+ B - In(R&D)j + 7 - Zwijk “In(R&D) i 4+t + K) + €,
J#i

where subscript i denotes the home country, j the foreign country and k denotes an industry.” For
simplicity of the exposition we denote hereafter the weighted average of foreign R&D investment
Zﬁéi Wijk - ln(R&D)]k as R&DPOOlik.

We estimate equation (2) using country and industry fixed effects (¢ and ) or adding a set of control
variables. Country-specific determinants are the size of home market which influences the profitability
of patenting an innovation, the level of economic development, human capital and the institutional
environment. Industry-specific factors are for example the differences between the propensities to
patent innovation across industries or the differences in the importance of incremental innovation.

Patenting data are non-negative and unbounded from above which suggests using an econometric
model where the conditional mean is assumed to be an exponential function of the regressors. Following
the literature that estimates patent production functions (see e.g. Cameron and Trivedi, 1998), we
estimate equation (2) using a negative binomial estimator.®

See Bottazzi and Peri (2002) for the derivation of this equation under the assumption of a balanced growth path.

"We focus our analysis on intra-industry knowledge spillovers. Empirical literature finds in general inter-industry
spillovers to be low and insignificant compared to intra-industry spillovers (Nishioka and Ripoll, 2012). In addition, the
high level of aggregation (ISIC 2 and higher) of our analysis makes it likely that all spillovers are intra-industry.

8Note that our patenting data are fractional counts - if a patent has N inventors from different countries, each



3 Data

3.1 Innovation

Our measure of innovation is the number of patent applications filed under the Patent Cooperation
Treaty (PCT) by inventor’s residence. The advantage of using the number of PCT patent applica-
tions over applications at a single patent office is threefold. First, single patent offices may be chosen
because of stronger trade and FDI linkages. Therefore, for the purpose of our study, using a single
patent office may bias our estimation by construction. Second, patents filed through PCT designate
automatically all PCT member states and thus can be viewed as "worldwide" applications.? The PCT
procedure has been used increasingly by all member states and since the early 2000s most countries
are well represented (OECD 2009). Third, the costs of PCT applications tend to be higher than
the costs of filing domestically. Hence, PCT applications guarantee a minimum level of value for the
patent. Counting patent applications by inventor’s residence indicates the inventiveness of the local
laboratories and labour force of a given country. Finally, to capture the closest date in the patent-
ing process to the actual invention, we use the number of patent applications measured by priority date.

Data on patent applications come from the OECD Open Data database. Using the new con-
cordance tables developed by Lybbert and Zolas (2012), we convert patent data classified by patent
technology into ISIC rev.3 industry classification.

3.2 R&D Pool

In order to test whether knowledge flows through supply chains, we assume that the weights in the
formula for R&DPool;;, in equation (2) are based on supply chain linkages (SL) between a foreign
knowledge source country and a home country. Then we test whether the R& D Pool;;, is a significant
determinant of the productivity of domestic R&D in equation (2).

We construct four measures of international supply chain linkages. The first measure represents
supply chains trade in the broadest sense. It is the value of imported intermediate inputs from indus-
try k in country j to industry k in country ¢. Using the terminology of Baldwin and Lopez-Gonzales
(2013), we denote this measure imports to produce (I12P). A narrower definition of supply chains trade
is the value of imported intermediates that is processed for exports (I2E), i.e. the value of imported
intermediate inputs that industry k in country ¢ imports from industry k£ in country j and that is
used for exports from industry k in country i. Our third measure restricts the definition of inter-
national supply chains even more and considers only the value of imported intermediate inputs that
are re-exported back to country j - imports of intermediates to re-export (I2RE). Finally, our fourth
measure of international supply chain linkages only accounts for the value of imported intermediate
inputs that are re-exported as inputs - imports of intermediates to re-export for further processing
(I2REP). The first two measures capture a one-way flow from country j to country ¢, while the other
two measures capture reciprocal relationships where goods cross the same boundary at least twice -
first as an input, then embodied in exported goods.

Using the international input-output tables available from the World Input-Output Database
(WIOD)!Y we calculate these four measures as:

2P = Intermediatesjikll
I2E = Intermediates ;i /Output;y, - Exports;

country is attributed 1/N patents - and therefore Patents is not a count variable. Nevertheless it is well established that
a quasi-maximum-likelihood estimator (QMLE) approach does not require the dependent variable to be discrete.

9Before 2004 applicants had to select which markets they wanted to target and therefore the statistics include appli-
cations that designated the European Patent Office.

Phttp://www.wiod.org/database/index.htm

" The subscript jik denotes the country of origin, the country of destination and industry respectively so that for
instance Intermediates;;, are imports of intermediates from country j to country ¢ within industry k.



I2RE = Intermediates ;i /Output;i - Exports;;
I2REP = Intermediates ;i /Output;y, - Intermediates;jj,.

To simplify the interpretation of the coefficients for the variable R& D Pool in our regressions, we
construct the SL weights by taking the logarithm and then standardizing each of the measures above
(I2P, 12E, I2RE and I2REP) by its maximum. Therefore, our weights range from 0 to 1 and the coef-
ficient for R& D Pool;;. represents the elasticity of innovation with respect to R&D when the intensity
of supply chain linkages is at its highest.!?

To test the robustness of our results, we also calculate a distance-weighted foreign R&D Pool.
Following the existing literature!®, we calculate this alternative pool as:

(3) R&DPool_Di, =Y [In(R&D)jy, - exp(—D)yj],
J#i

where D;; is the distance between largest cities in thousands kilometers. Data for distance are from
CEPII.

We run our analysis for eight manufacturing industry groups. This is the most disaggregated level
of analysis we can perform given the available data. Data on business R&D expenditures come from
the OECD Open Data and are downloaded at the two-digit ISIC Rev.3 level. Our sample covers
thirteen two-digit industries which account for more than 90% of business R&D spending in manufac-
turing'*. However, to construct the production networks weights, we use the world input-output tables
from the World Input-Output Database (WIOD) where manufacturing industries are aggregated into
eight groups, and hence we use these industry groups throughout our analysis.?

3.3 Other variables - country characteristics

Our preferred specification of the empirical model is one with country and sector fixed effects. How-
ever, as a robustness, to test that our model provides the expected signs for the variables that are
usually used in the literature on innovation, we also run regressions using a set of control variables for
country characteristics.

Our control variables include: GDP, GDP per capita, a measure of patent protection and research
capital. We expect that, since returns to innovation increase with the size of the home market, ce-
teris paribus, propensity to patent will be higher in countries with bigger markets. We, therefore,
include the log of real GDP (In(GDP)) as a control. In addition, the propensity to patent an in-
novation is also likely to depend on the level of development of the country, its institutions and the
extent of patent protection in the country. Therefore, we also include the log of real GDP per capita
(In(GDP per capita)) and the log of Index of Patent Protection (In(Patent protection)) among the
controls in our empirical model. Finally, we include the number of researchers in the R&D sector
per capita (In(Researchers)). This is to control for the possibility that the productivity of business
R&D is affected by the degree to which business research can draw upon an extensive knowledge base,

12To be precise, our SL weight is defined as in(1 4 SLi;x)/max{ln(l+ SL;;x)}, where SL = {I2P, I2E, I2RE, I2REP}.
The standardization does not influence our results.

133ee Keller (2004 and 2008) and Bottazzi and Peri (2003).

1OECD average in 2008.

5The industry groups are: Manufacture of coke, refined petroleum products and nuclear fuel (23), Manufacture of
chemicals and chemical products (24), Manufacture of rubber and plastics products (25), Manufacture of other non-
metallic mineral products (26), Manufacture of basic metals and of fabricated metal products, except machinery and
equipment (27 to 28), Manufacture of machinery and equipment n.e.c. (29), Manufacture of office, accounting and
computing machinery, of electrical machinery and apparatus n.e.c., of radio, television and communication equipment
and apparatus and of medical, precision and optical instruments, watches and clocks (30 to 33), Manufacture of motor
vehicles, trailers and semi-trailers and of other transport equipment (34 to 35).



including primary research conducted at universities or other sectors.

GDP per capita and population are taken from PENN World Tables. Data for Patent Protection
Index are obtained from Park (2008).!1% As a measure of human capital we use the number of re-
searchers in the R&D sector per capita which comes from WIPO.

3.4 Sample size and long run averages

Our analysis is run over a cross section of long-run averages over the period 2000-2008'7 for 29 countries
and 8 sectors. This is the largest possible sample for which data for our variables are available, and
presents the advantage that it covers a sufficiently recent time period allowing us to capture the latest
structural changes that took place in the world with the emergence of new global players such as China.

We use long-run averages rather than time series in our benchmark specification for several rea-
sons: First, long-run averages are more appropriate because our empirical specification (equation (2))
derives from steady state properties of the theoretical model (equation (1)). Second, we know from
the literature!® that the number of patents and the amount of resources spent in R&D are more likely
to be correlated in the long-run than in the short-run. This is because it may take several years before
R&D expenditure generates an innovation. Finally, long-run averages help to address the issue of the
variability in a patent’s value from one year to another.

3.5 Summary statistics and preliminary analysis

Table 1 reports the share of each sector in the total R&D expenditures and patent applications in the
sample. The category Manufacture of machinery, ITC equipment and medical, precision and optical
instruments, watches and clocks (ISIC 30 to 33) accounts for the largest share of R&D expenditures
as well as the largest share of patent applications. Manufacture of transport equipment (ISIC 34 to
35) and Manufacture of chemicals (ISIC 24) also account for a large share of R&D expenditures.

%The index is the unweighted sum of five separate scores for coverage (inventions that are patentable); membership
in international treaties; duration of protection; enforcement mechanisms; and restrictions. It indicates the strength of
protection in the country.

7"The Patent Protection Index is available only for the years 2000 and 2005, so the average is taken over these two
years.

18 Griliches (1990, pp.1673-1674) and Bottazzi and Peri (2003).



Table 1: Summary of main variables by industry

Industry R&D expenditures Patent applications R&D pool

% of total % of total ~ Share of own R&D
ISIC 23 0.92 10.61 0.13
ISIC 24 21.33 25.12 1.65
ISIC 25 2.11 2.66 0.25
ISIC 26 1.14 4.31 0.11
ISIC 27 to 28 4.09 6.77 1.94
ISIC 29 8.82 12.31 0.69
ISIC 30 to 33 38.32 32.70 2.08
ISIC 34 to 35 23.26 5.53 1.92

Notes: ISIC code 23 indicates Manufacture of coke, refined petroleum products and
nuclear fuel, 24 Manufacture of chemicals and chemical products, 25 Manufacture of
rubber and plastics products, 26 Manufacture of other non-metallic mineral products,
27 to 28 Manufacture of basic metals and of fabricated metal products, except ma-
chinery and equipment, 29 Manufacture of machinery and equipment n.e.c., 30 to 33
Manufacture of office, accounting and computing machinery, of electrical machinery
and apparatus n.e.c., of radio, television and communication equipment and appa-
ratus and of medical, precision and optical instruments, watches and clocks, 34 to
35 Manufacture of motor vehicles, trailers and semi-trailers and of other transport

equipment.
Table 2: Summary of main variables by country
Country R&D expenditures Patent applications R&D pool
% of total % of total  Share of own R&D
Australia 0.53 1.24 0.38
Austria 0.77 0.93 1.17
Belgium 0.73 1.00 1.80
Canada 1.59 2.01 1.21
China, 7.66 2.28 1.44
Chinese Taipei 2.04 0.13 1.38
Czech Republic 0.28 0.12 1.36
Estonia 0.01 0.02 0.15
Finland 0.18 1.02 1.00
France 5.04 5.05 1.74
Germany 10.16 14.53 2.80
Greece 0.05 0.07 0.16
Hungary 0.13 0.16 1.23
Ireland 0.18 0.33 0.97
Ttaly 1.58 2.16 1.32
Japan 20.22 19.88 1.00
Korea 4.80 3.46 1.19
Mexico 0.26 0.14 0.95
Netherlands 1.00 3.48 1.59
Poland 0.14 0.10 1.10
Portugal 0.07 0.06 1.00
Romania 0.06 0.03 0.53
Russia 0.69 0.58 0.28
Slovakia 0.03 0.03 1.19
Slovenia 0.09 0.09 0.57
Spain 0.97 0.88 1.20
Turkey 0.26 0.19 0.59
UK 4.01 4.68 1.60
USA 36.5 35.34 1.42




Table 2 reports the share of each country in total R&D expenditures and patent applications in
the sample. The distribution of R&D expenditures is very concentrated. USA, Japan and Germany
account for 67% of total R&D expenditures in our sample, and, together with China, France, Korea
and the United Kingdom, they add up to almost 90%. Patent applications are similarly concentrated
in those countries. The last column shows the relative importance of the foreign R&D pool to home
R&D spending. The foreign R&D pool matters relatively more in countries that are highly integrated
in international supply chains, both in large rich countries such as Germany, France or Belgium and
in smaller or poorer countries such as Czech Republic, Chinese Taipei or China.

A simple descriptive analysis of the correlation between the number of patents and the pool of
foreign R&D shows interesting results. Our data show that there is a positive correlation between
our supply chains-weighted R&D pool and innovation. This positive correlation also holds for other
subsamples, for example, that of EU countries (right panel of Figure 1).!? Interestingly, when we run
the correlation for the distance-weighted R&D pool, we only observe a positive correlation for the
subsample of countries and not for the full sample.

Figure 1: Number of patents (in log) and the R&D Pool
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4 Results

Table 3 shows our estimates of knowledge spillovers for the four measures of supply chain linkages we
use in our analysis. Our results support the evidence that knowledge spillovers within supply chains
do occur. In particular, the magnitude of knowledge spillovers appears to decrease with the broadness

9Countries that were EU members throughout the sample period are Austria, Belgium, Finland, France, Germany,
Greece, Ireland, Italy, the Netherlands, Portugal, Spain and the United Kingdom.



of the measure of supply chains we use as weight in the R&D pool (columns (1) to (4)). A narrower
definition of supply chains is more likely to capture a close relationship between the consumer and
the supplier of the intermediate input. The argument is the following. When an intermediate input
is specifically designed to match the needs of a single final good producer (as it is likely to be the
case if a component is imported from and re-exported to the same country), the final good producer
may "hold-up" the supplier.2’ One way to reduce the risk of the hold-up problem is for the final good
producer to reduce the cost of investment required for the customization of the input to its own need
and monitor production. This includes providing the technology required for the customization (which
will reduce the cost of investment) and increasing face-to-face interaction to ensure the adequate in-
vestment in technology learning by the local supplier.2! Both options imply larger knowledge spillovers.

We find robust evidence that knowledge spillovers are positive and significant only for the two
most restrictive definitions of supply chains - that is, for the case in which firms in country ¢ import
a component from country j, process it and re-export the processed good back to country j (columns
(1), (2), (5) and 6)). In the country fixed effects specification, the foreign R&D pools weighted by
imported intermediates used for total exports (I2E) and by imports of intermediate goods (I2P) - that
is including inputs processed for domestic sales - have no statistically significant effects (columns (7)
and (8)). This suggests that only linkages that involve inputs crossing the same border back and forth
are important channels for knowledge spillovers.

Table 3: Knowledge spillovers through supply chains

(1) (2) (3) (4) () (6) (7) (8)
Dependent: Patents
R&D Pool I2REP 0.0087*** 0.0042**
(0.0025) (0.0018)
R&D Pool I2RE 0.0071*** 0.0029*
(0.0024) (0.0017)
R&D Pool I2E 0.0028** 0.0007
(0.0013) (0.0009)
R&D Pool_12P 0.0030%* 0.0007
(0.0017) (0.0010)
In(R&D) 0.252%** 0.246***  0.253**F*F  (0.259***  (0.129%*  0.132**  0.139**  0.141**
(0.0708) (0.0728)  (0.0758)  (0.0755)  (0.0524) (0.0546) (0.0561) (0.0551)
In(GDP) 0.729%F%  0.735%**  (0.738%**  (0.696%**
(0.113)  (0.113)  (0.116)  (0.118)
In(GDP per capita) 0.486* 0.469* 0.491* 0.523*
(0.281)  (0.280)  (0.275)  (0.276)
In(Researchers) 0.595%*F*%  0.609***  0.606*** 0.588***

(0.107)  (0.112)  (0.112)  (0.109)
In(Patent protection) 3572k 3 ABTHHR 34220 3 BERHH*
(1.197)  (1.227)  (1.234)  (1.231)

Industry dummies (8) yes yes yes yes yes yes yes yes
Country dummies (29) no no no no yes yes yes yes
Observations 201 201 201 201 225 225 225 225

Country-clustered standard errors in parentheses
*** p<0.01, ** p<0.05, * p<0.1

Using the results in column (5), the elasticity of home patenting with respect to foreign R&D is

20This is because after the investment, the good has little market value outside the contractual relationship. Therefore,
the input supplier has little bargaining power and the producer of the final good can breach the contract. Anticipating
this possibility, the input supplier will under-invest, and thus outsourcing would be inefficient.

1 Tirole (1988).
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0.0042% for country-industries with the most intensive production links, such as the United States and
Canada in Transport equipment, the United States and Mexico in Transport equipment and Electrical
machinery, or China and Chinese Taipei in Electrical machinery. That is to say that, if the United
States doubles its R&D in transport equipment, the number of innovations in the sector in Canada
increases by 0.4%. The elasticity declines rapidly with weaker supply chains links. It is 0.03% for
the pairs at the 90th percentile of the I2REP distribution and only 0.003% for the pairs at the 75th
percentile.

5 Robustness

5.1 Distance-weighted R&D pool

One established finding of the empirical literature is that knowledge spillovers are not global but local.
In other words, global knowledge is not a public good from which anyone can source, rather the extent
to which a country benefits, in terms of productivity growth, from the knowledge created abroad
falls with its distance from the knowledge originating country. Keller (2002b), estimates that, at a
distance of 162 kilometers between the sender and the receiver, 50% of foreign knowledge gets to the
receiver, while at 2,000 kilometers only 5% of knowledge is absorbed. Using the number of patents as
measure of innovation, Bottazzi and Peri (2003) find that spillovers are localized and exist only within
a distance of 300 km.?? In their non-parametric estimates, they find that doubling R&D spending in
a region would increase the output of new ideas in other regions within 300km by 2-3%.

Table 4: Distance decay of knowledge spillovers

Full Sample EU Sample
Dependent: Patents (1) (2) (3) (4) (5) (6)
R&D Pool I2REP 0.0043** 0.0044**  0.0084* 0.0078
(0.0018) (0.0018)  (0.0045) (0.0053
R&D Pool D -0.0056  -0.0061* 0.0200*  0.0081
(0.0035)  (0.0036) (0.0110)  (0.0152)
In(R&D) 0.124%*  0.154%*%F  (0.133** 0.125 0.165* 0.132

(0.055)  (0.055)  (0.057)  (0.098)  (0.089)  (0.099)

Observations 225 225 225 91 91 91

Country-clustered standard errors in parentheses
*x p<0.01, ** p<0.05, * p<0.1

Notes: EU Sample includes Austria, Belgium, Finland, France, Germany, Greece, Ireland,
Italy, the Netherlands, Portugal, Spain and the United Kingdom.

In Table 4 we test the robustness of our results to the inclusion of the distance-weighted R&D
pool. Column (1) reports again the result for R&DPool I2REP for comparison with columns (2)
and (3) which show that distance is not a good proxy for spillover channels and that the coefficient
on the R&DPool_I2REP retains the same magnitude and statistical significance when both R&D
pool measures are included in a regression. We also test the robustness of this result to the sample
size. In column (4) we show that our finding that supply chains matter for knowledge spillovers also
holds for a subsample of EU countries. For this subsample we also estimate a positive and significant
coefficient for the distance-weighted pool of foreign R&D, which is in line with previous literature
that finds a positive and significant coefficient for the distance-weighted pool within the EU. Both

22 An earlier study by Jaffe et al. (1993) that uses patent citation as a measure of technological spillovers also emphasize
that knowledge spillovers are local. They find that US patents are more often cited in other US patents than in patents
of other countries.
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pools turn statistically insignificant when we include them together in one regression (column (6)) but
the I2REP pool retains a similar coefficient as in column (4). The imprecision might be driven by
multicollinearity because the two pools are highly correlated within the EU sample.

5.2 Knowledge spillovers through imports

Empirical literature on international R&D spillovers has often discussed the role of trade as a channel
of knowledge spillovers.2? As pointed out in Pisano and Shih (2012), a new design can only be properly
manufactured if the designer and the manufacturer interact. Furthermore, new ideas for innovative
design can only be generated if the designer understands the manufacturing process. This two-way
interaction is strongest in international production networks. It follows that knowledge spillovers con-
ducive to innovation should be stronger within production networks than simply via trade.

In Table 5 we test the robustness of our results when we allow for total trade to work as a channel
for technology transfer. To this purpose, we construct a trade-weighted measure of foreign R&D pool,
where the R&D expenditure in country-industry jk is weighted by its imports to country i (Trade;jx).

We allow for two specifications of the weights. One specification functionally corresponds to our
supply chains weights:

(4) R&DPool_Trade(value);, = Z In(R&D)jy, - In(1 + Tradejy,).
JF

The other specification follows previous literature?® and uses the share of bilateral imports in the
output of country-industry jk:

Trade;,
(5) R&DPool_Trade(share), = Z In(R&D) . - L radtijk

P Output jy,

The results in Table 5 suggest that it is the international supply chains and not merely trade between
two countries that drive knowledge spillovers. While the coefficient for the supply chain-weighted
R&D pool is positive and significant, none of the two trade-weighted pools of foreign R&D appears
with a statistically significant coefficient.

Coe and Helpman (1995) use an imports-weighted stock of R&D to examine international knowl-
edge spillovers. Their study is re-examined in Keller (1998) who uses the same data but generates
random weights for the stock of foreign R&D. Keller shows that using the random weights, the es-
timated knowledge spillovers are often larger than if the actual import patterns are used. Following
Keller’s approach, we also test the robustness of our results to the use of random weights. We gen-
erate a sample of 1000 random numbers drawn from a uniform distribution [0,100], and apply the
same transformation as to our supply chains measures to generate random sets of weights.?> We find
no evidence of international knowledge spillovers when the random-weighted R&D pool is employed
(column (5)).

ZFor a review see Keller (2010).
24Gee for example Lichtenberg and Pottelsberghe de la Potterie (1998) for discussion of trade weights
?The random weight is generated as In(1 + RANDOM;;i,)/max{ln(1 + RANDOM;;;)}.
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Table 5: Knowledge spillovers, imports and random weights

(1) (2) (3) (4) (5)
Dependent: Patents
R&D Pool_I2REP 0.0054%** 0.0041**
(0.0020) (0.0020)

R&D Pool_Trade (value) 6.35e-05  -0.0002
(0.0002)  (0.0002)

R&D Pool_Trade (share) 0.0073* 0.0007
(0.0043)  (0.0039)
R&D Pool Random -0.0008
(0.00086)
In(R&D) 0.145%** 0.126%* 0.138***  0.129%*  0.145%**
(0.0533)  (0.0507)  (0.0515)  (0.0526)  (0.0023)
Industry dummies (8) yes yes yes yes yes
Country dummies (29) yes yes yes yes yes
Observations 225 225 225 225 225

Country-clustered standard errors in parentheses
e p<0.01, ** p<0.05, * p<0.1

5.3 Knowledge spillovers from rich countries

There are several studies that test spillovers from rich developed countries to the rest of the world.
Keller (2002), for example, studies spillovers from G5 countries (France, Germany, Japan, the United
Kingdom and the United States) to other nine less rich OECD countries. Comin et al. (2013) study
how an existing technology diffuses depending on the geographical distance between countries that
have already adopted the technology and adopters-to-be. They show that interaction with rich coun-
tries affects technology adoption significantly more than interactions with poor countries.

If the knowledge pool from rich countries diffuses more easily (because, for example, more re-
sources are spent by the knowledge receiving countries to absorb the knowledge embodied in these
new ideas) and if, at the same time, rich countries tend to develop strong production networks, we
would have an identification problem. To address these concerns, we run a set of regressions where we
split the production-weighted pool of R&D into one originating from G5 countries (R&D Pool_I2REP
from G5 ) and another generated by the rest of the countries (R&D Pool I2REP from non G5). In
addition, we look at the impact of these two pools on innovation of G5 and other countries, respectively.

Table 6: Spillovers from G5 and non-G5 countries

Sample
G5 non-G5
R&D Pool I2REP from G5 0.0010 0.0073*

(0.0035)  (0.0041)
R&D Pool I2REP from non-G5  0.0029%*  0.0115%*
(0.0013)  (0.0052)

Notes: The coefficient estimates are from regressions with the
same specification as in Table 3, column (5).

Table 6 shows the results. For the sample of non-G5 countries, we estimate a positive and signifi-
cant coefficient for both the R&D pool from G5 countries and the R&D pool from all other countries.
For the sample of G5 countries, we estimate a positive and significant effect for the R&D pool of non-
G5 countries. These results appear to suggest that knowledge spillovers are not just one way (from
north to south, from developed to developing countries). We find evidence of significant knowledge
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spillovers among developing countries when they belong to the same supply chain.

6 Extension

We also test our claim that production networks drive knowledge spillovers following an alternative
approach. In line with the traditional literature, we assume that spillovers decay with distance. How-
ever, for each country, we assume that the knowledge sourcing countries constituting the R&D pool
are only those that are linked to the knowledge receiving country by strong supply chains.

We create an indicator function which takes a value of one for observations with the SL weight
above a certain threshold (we define this threshold alternatively as the median, the 75th and the 90th
percentiles of the sample distribution). That is, the pool of foreign knowledge that country i has
available is assumed to be:

R&DPOOZ_D_SLM = E [ln(R&D)]k . e:np(—D)ij . Iijk]a
J#i
where I, =1 if SL;j, > cutoff

= 0 otherwise

In particular, when the cut-off value is the median of the I2REP weight, we include in our regres-
sion the total distance-weighted pool (R& D Pool__D) and the pool coming only from the above-median
linked countries (R&DPool D I2REP). The coefficient on the latter then indicates whether and
how much the spillovers depend on production linkages for a given distance.

Equipped with this new variable, we re-estimate the model for the full sample. Table 7 reports
results of these estimations. While we did not find any distance-related spillovers for the full sample,
the results in Table 7 do show positive and significant spillovers among countries linked by strong sup-
ply chains (columns (2), (3), (5) and (6)). However, when we use country fixed effects, the coefficients
for knowledge spillovers turn statistically insignificant.

In particular, we find that spillovers increase with the intensity of supply chain linkages. As shown
in Figure 2, this means that knowledge spillovers are less localized when supply chains are strong.
The figure shows our estimates of the effect of a 10% increase in foreign R&D by distance and by the
level of supply chain intensity. Our results confirm that knowledge spillovers are localized - in the
sense that the productivity of foreign R&D declines with the geographical distance between countries.
However, we also find that absolute spillovers increase with the intensity of supply chains links. For
example, the average effect of doubling R&D spending in countries at 300km distance with above-
median I2REP links is an increase in the number of patents by 0.018%. When the R&D spending is
done in a country with I2REP intensity above 90th percentile the increase doubles to 0.042%. Since
supply chains have become more extensive in the recent decades, this result shows that they may
indeed be an explanation for the evidence that knowledge spillovers have become less localized over
time.
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Table 7: Distance decay of knowledge spillovers from supply chains

(1) (2) (3) (4) (5) (6)
Dependent: Patents 50th 75th 90th 50th 75th 90th

Spillovers from supply chains 0.003 0.001**  0.006** 0.003 0.005**  0.006**
(0.002)  (0.002)  (0.002)  (0.002)  (0.002)  (0.003)

R&D Pool_D 0.004 0.0003 0.001 0.003 0.0007 0.002
(0.004)  (0.0021)  (0.002)  (0.003)  (0.002)  (0.002)
R&D Pool_D_I2REP -0.001 0.004 0.004*
(0.004)  (0.003)  (0.002)
R&D Pool_D_I2RE 0.0002 0.004* 0.004*
(0.003)  (0.002)  (0.003)
In(R&D) 0.292%**  (.269%F*  0.272%FF  (0.286***  (.272%FF*  (.274%H*
(0.076)  (0.078)  (0.078)  (0.079)  (0.078)  (0.078)
In(GDP) 0.785%**  (.782%F* (. 784%** (. 785***  (.778FF* (. 783%**
(0.123)  (0.120)  (0.121)  (0.123)  (0.120)  (0.121)
In(GDP per capita) 0.516%* 0.447 0.476%* 0.500%* 0.454 0.493*
(0.303)  (0.204)  (0.290)  (0.301)  (0.201)  (0.291)
In(Researchers) 0.570%**  0.593***  (.585%H*  (.575***  (.587HFFK  (.580%**
(0.122)  (0.115)  (0.113)  (0.123)  (0.111)  (0.113)
In(Patent protection) 3.445%**  3.645%FF 35081 3.506%**  3.503FFH  3.443%**
(1.265)  (1.280)  (1.266)  (1.265)  (1.266)  (1.271)
Industry dummies (8) yes yes yes yes yes yes
Observations 201 201 201 201 201 201

Country-clustered standard errors in parentheses
*** p<0.01, ** p<0.05, * p<0.1

Figure 2: R&D spillovers by distance and the intensity of supply chain linkages (The effect of a 10%
increase in foreign R&D spending)
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7 Endogeneity

A potential problem with our estimations of the spillover effects is identification. We believe that
our analysis goes a long way already in addressing this problem. First, our estimations of knowledge
spillovers for progressively narrower measures of supply chain linkages (Table 3) show a ranking of the
magnitude of coefficients in line with expectations; that is, larger and more precise coefficients for more
intense supply chain linkages. There is no reason why endogenously biased coefficients would show this
pattern. This is a strong indication that our results are not driven by endogeneity. Furthermore, our
regressions for knowledge spillovers from G5 countries to other countries (Table 6) partially addresses
the so called "reflection problem" discussed by Manski (1993). The issue arises in the case of a common
shock (for example, if new technology opportunities arise in a certain sector). In this case, firms in all
countries will invest more in R&D in that sector and, at the same time, will be more likely to innovate.

Hereafter, we address the potential endogeneity problem in two additional ways: using panel data
and IV regressions. First, we run a panel regression rather than the cross-section analysis for the
subsample of countries for which we have yearly data on sectoral R&D expenditure for the period
2000-2008. Data on industry-level R&D for all years are available only for a restricted subsample.
Thus the following estimation is based on data for 16 countries (Australia, Belgium, Chinese Taipei,
Czech Republic, France, Germany, Hungary, Japan, Italy, Korea, Mexico, Portugal, Slovenia, Spain,
the United Kingdom and the United States).?6 To this purpose, we estimate a dynamic panel model
based on Bloom et al. (2013):

(6) Patents;k; = exp(a+Bin(R&DStock)ki—1+v7R&DPool;;—1+dln(Patents)k—1+1T+KT)+ €k

We allow innovation to depend on the past innovative performance and the past stock of R&D
investment from both domestic and foreign industries. We include industry-year and country-year
dummies to control for time varying country- and industry-specific factors that impact innovation.
Our time span is relatively short so we cannot ignore the dynamic panel bias resulting from inclusion
of time-invariant fixed effects. We follow the methodology of Bloom et al. (2013) and include the
average of patent applications in the pre-sample period 1995-1999 to control for initial conditions of
each country-industry. Both the domestic R&D and the foreign R&D pool are lagged so that we
alleviate a potential reverse causality problem between R&D investment and innovation.

In Table 8 we report the results from a specification in which the foreign R&D pool comes from
the three far most innovative and R&D intensive countries (Germany, Japan and the United States)
and how this affects the remaining thirteen countries.?” The four measures of foreign R&D pool now
appear all statistically significant and with similar magnitudes (except I2E) but the precision of es-
timated coefficients retains the same ordering as in our baseline specification - broader measures of
supply chains trade result in less precisely estimated coefficients.

26 A subsample for which less than ten values of R&D expenditures at the ISIC 2-digit aggregation were missing over
the period 2000-2008. The missing values were imputed using the more complete data on total R&D expenditures in
manufacturing. We computed the average ratio of an industry R&D in total manufacturing R&D for the years where
industry-level data were available and used this ratio to fill in missing industry-level values where total manufacturing
data were available.

27Similar results are obtained when the sourcing countries are G5.
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Table 8: Panel regressions

(1) (2) (3) (4)

Dependent: Patents

R&D pool I2REP;_; 0.0075%**

(0.0020)
R&D pool I2RE,_; 0.0078%**
(0.0023)
R&D pool I2E,_; 0.0047+*
(0.0019)
R&D pool_I2P,_; 0.0084**
(0.0037)
In(R&D stock);_; 0.0189%  0.0195%  0.0226%* 0.0223**
(0.0108)  (0.0100)  (0.0114)  (0.0106)
In(Patents)_ 0.778%%%  (.785%FF (. 794%kk () 78R*F*

(0.047) (0.048)  (0.049)  (0.048)
Pre-sample fixed effects  0.137***  0.136***  0.136*** 0.141***
(0.049)  (0.048)  (0.045)  (0.044)

Country-year dummies yes yes yes yes
Industry-year dummies yes yes yes yes
Observations 664 664 664 664

Country-clustered standard errors in parentheses
R p<0.01, ** p<0.05, * p<0.1

Notes: The subsample of 13 countries includes Australia, Belgium, Chinese
Taipei, Czech Republic, France, Hungary, Italy, Korea, Mexico, Portugal,
Slovenia, Spain and the United Kingdom.

Second, we use an instrumental variable approach. As an instrument for foreign industry R&D
expenditure we use the lagged output of the foreign industry. Past output is likely to be correlated
with the R&D expenditure because the incentive to invest in R&D is based on the expectation of the
return on investment, and past output is a good proxy for expected return (recursive expectations).
At the same time common shocks that affect R&D productivity do not affect output in the previous
period and therefore the instrument should be valid.

Table 9 shows the results for the IV regressions. The coefficient estimates are slightly higher than
without instrumenting and the ordering of the four measures remains the same. Interestingly, the
effects of I2RE and I2E pools are estimated more precisely than before. Overall, the results suggest
that endogeneity does not drive our results.
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Table 9: IV regressions

B @) 3) (1)
Dependent: Patents
R&D pool I2REP;_; 0.0095%**
(0.0028)
R&D pool_ I2RE; 4 0.0086***
(0.0022)
R&D pool I2E; 4 0.0068***
(0.0018)
R&D pool I2P;_4 0.0086**
(0.0039)
In(R&D stock);—1 0.0199** 0.0171* 0.0228** 0.0165
(0.0096) (0.0095) (0.0113)  (0.0121)
In(Patents);_; 0.755%F%  0.781%FF  (.785%%%  (.776%%
(0.045)  (0.048) (0.047)  (0.051)
Pre-sample fixed effects  0.169*** 0.130%** 0.136%**  0.130***
(0.061) (0.053) (0.048) (0.043)
Country-year dummies yes yes yes yes
Industry-year dummies yes yes yes yes
IV First Stage F-Test 2354.54 2520.06 616.06 3538.17
Observations 664 664 664 664

Country-clustered standard errors in parentheses
**E p<0.01, ** p<0.05, * p<0.1

Notes: The subsample of 13 countries includes Australia, Belgium, Chinese
Taipei, Czech Republic, France, Hungary, Italy, Korea, Mexico, Portugal,
Slovenia, Spain and the United Kingdom.

8 Conclusion

Our paper investigates how international production networks affect the spatial diffusion of knowledge
in a sample of 29 countries. The evidence suggests that production networks are an important driver
of technology transfers. In fact, the productivity effect of foreign R&D spending increases with the
intensity of production network links between the sender and the recipient country. Most importantly,
knowledge spillovers within production networks appear to be less spatially localized than the average.

Our findings have important implications. First, the fact that the scope of knowledge spillovers is
determined by the structure of the production network can be one reason why the degree of localization
of knowledge spillovers has decreased between the periods 1973-83 and 1986-95 (Keller, 2002b) - a
period characterized by a strong development of international supply chains.

Second, our finding can also help to explain the emergence of countries such as China, Singapore
and the Republic of Korea as major contributors to the pool of technological innovations since 1985.
While previously some of these countries had served as a production platform for developed economies
(without a deeper involvement in the production chain), the emergence of the "factory Asia" and the
strong development of production networks in the region have increased their capacity to innovate.
Our findings show that production networks have not just provided a stronger incentive to innovate,
thus increasing the amount of resources spent in R&D (which we control for), but that they have also
increased the flow of foreign R&D absorbed by these countries.

In general, the scope of knowledge spillovers is crucial to determine income distribution among
countries. Economic literature has so far stressed that while global spillovers foster convergence at
the level of cities, regions or even countries, local spillovers can lead to convergence clusters and thus
permanently different levels of income between groups of countries. Our finding suggests that conver-
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gence across countries is likely to occur along the production chain lines. This is clearly an interesting
avenue for further research. There are also important policy implications. If spillovers of embod-
ied knowledge occur through production networks, there is an economic rationale for governments to
intervene to foster production network participation.
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Appendix

Table 10: Summary statistics

Variable Mean St. deviation Minimum Maximum
Patents 2514 749.4 0.12 7124
In(R&D) 18.8 2.5 10.4 24.8
R&D Pool I2REP 17.7 22 0.00005 119
R&D Pool_I2RE 27.5 27.7 0.005 148
R&D Pool_12E 103.2 76.8 0.26 330
R&D Pool _12P 130.9 7.7 0.48 330
R&D Pool D 78.8 51.87 0.03 163
R&D Pool _Trade (share) 6.3 9.44 0.07 61
R&D Pool_Trade (value) 1835 712 232 3716
In(GDP) 20.3 1.2 18.4 23.2
In(GDP per capita) 10 0.5 8.9 10.6
In(Researchers) 7.7 0.7 5.9 8.9
In(Patent protection) 1.4 0.1 1.3 1.6

Table 11: Summary statistics of the supply linkages measures and the corresponding SL weights

Variable Mean St. deviation Minimum Maximum
I2REP 3.4 53.5 0 3356
I2RE 13.3 287.5 0 21146
I2E 84.3 521.2 0 24304
2P 131.3 654.4 0 22065
w_I2REP ¢ 0.03 0.09 0 1
w_I2RE 0.05 0.11 0 1
w_I2E 0.19 0.19 0 1
w_12P 0.24 0.20 0 1

“The SL weights are defined as In(l 4+ SL;j)/maz{ln(l +
SLijx)}, where SL = {I2REP, I2RE, I2E, 12P}

Table 12: Percentiles of the SL weights
Variable 95th percentile 75th percentile 50th percentile 25th percentile

w__I2REP 0.19 0.007 0.0003 0.000006
w_I2RE 0.29 0.029 0.0018 0.00006
w_I2E 0.56 0.305 0.1223 0.0214
w_I2P 0.63 0.380 0.1964 0.0559
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Table 13: Correlations

In(Patents) In(R&D) R&D R&D R&D R&D R&D R&D R&D
Pool Pool Pool Pool Pool Pool Pool
~I2REP _I2RE _I2E _I2P D Trade  Trade
(share)  (value)
In(Patents) 1
In(R&D) 0.789 1
R&D Pool_I2REP 0.436 0.593 1
R&D Pool_I2RE 0.487 0.634 0.975 1
R&D Pool_I2E 0.464 0.643 0.921 0.96 1
R&D Pool_I2P 0.565 0.741 0.855 0.891 0.952 1
R&D Pool_D -0.184 -0.225 0.138 0.211 0.242 0.099 1
R&D Pool_Trade (share) 0.598 0.589 0.595 0.649 0.589 0.650 0.091 1
R&D Pool_Trade (value) 0.666 0.778 0.742 0.793 0.856 0.944 0.062 0.709 1
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