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Abstract Over the last two decades, emerging countries located outside North America
and Europe have reshaped the global economy. These countries are also increasing their
share of the world’s scientific output. This paper analyzes the evolution of BRICS (Brazil,
Russia, India, China and South Africa) and G-7 countries’ international scientific collab-
oration, and compares it with high-technology economic exchanges between 1995-1997
and 2010-2012. Our results show that BRICS scientific activities are enhanced by their
high-technology exports and, to a larger extent, by their international collaboration with
G-7 countries which remains, over the period studied, at the core of the BRICS scientific
collaboration network. However, while high-technology exports made by most BRICS
countries to G-7 countries have increased over the studied period, both the intra-BRICS
high-technology flows and the intra-BRICS scientific collaboration have remained very
weak.
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Introduction

Over the last two decades, emerging countries located outside North America and Europe
have shown high economic growth rates. Many analysts thus predict that the world’s
economic center of gravity will shift from Western countries, namely G-7 countries
(Canada, France, Germany, Italy, Japan, UK and USA), to emerging countries such as
those from Southeast Asia and Latin America (Klein 2009; Grether and Mathys 2010;
Kharas 2010; OECD 2010; Quah 2011; Klein and Salvatore 2013). These economic
transformations might be associated with a similar shift of the science and technology
center of gravity, and scientific collaboration might play an important role in such changes.
The BRIC Association, formed originally by Brazil, Russia, India and China, became
official in 2009, with the aim of improving its global economic situation by co-operation
among the four countries (BBC 2009). In 2011, South Africa joined the association, which
then became known as BRICS (South Africa 2011). The G-7 countries are the seven
wealthiest developed nations and have the largest research and development activities
worldwide (King 2004).

This paper first compares the evolution of scientific production of G-7 and BRICS
countries between 1995-1997 and 2010-2012 for the fields of Engineering and Technol-
ogy, Medical Sciences and Earth & Space. The scientific collaboration between BRICS
and G-7 countries and its evolution over the period 1995-1997 to 2010-2012 is then
analyzed for each major field. Specifically, this paper investigates how this evolution is
being influenced by endogenous collaboration (amongst BRICS) and by exogenous col-
laboration (with G-7 countries). Finally, economic collaboration is explored as a potential
factor explaining scientific collaboration using data on high-technology economic
exchanges.

Background
Economic and scientific growth

BRICS countries have shown very high economic growth rates in recent years. In 2014,
BRICS economies generated more than 20 % of the world’s Gross Domestic Product
(GDP) (UNCTAD Statistics 2015a), coupled with a significant annual growth rate: 10.0 %
for China, 7.3 % for India, 3.6 % for Brazil, 2.8 % for Russia and 2.6 % for South Africa
(UNCTAD Statistics 2015b) during the period 2005-2014, while the world’s average
annual growth rate was at 2.5 %. The BRICS growth in GDP was also accompanied by an
increase in their exports. Hanson (2012) noticed a high growth of exports for emerging
countries between 1992 and 2008, with an average annual exports growth of 18 % in China
and 14 % in India. Furthermore, the share of global exports coming from 15 middle-
income countries' (in terms of market size) more than doubled during this period,
increasing from 21 to 43 %.

Research and development (R&D) is also often linked with economic growth: it typi-
cally stimulates R&D spending, and in return R&D spending stimulates economic growth.
According to OECD Science, Technology and Industry Outlook (2012), China leads the
group of emerging economies, as its share in global R&D spending increased from 7 % in

! These countries are: Brazil, South Korea, Mexico, Russia, Argentina, Turkey, Indonesia, Poland, South
Africa, Thailand, Egypt, Colombia, Malaysia, Philippines, and Chile.
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2004 to 10 % in 2008, and then to 13 % in 2009. OECD data also show that while R&D
spending declined in most countries as a result of the economic crisis, Brazil, South Korea,
Malaysia, Mexico, Singapore and Argentina continued to increase their spending. More-
over, China, South Korea and other emerging Asian economies are out-innovating the
Western world (OECD 2012).

As shown by Leydesdorff and Zhou (2005), these investments lead to a growth in
scientific outputs: China, South Korea, Singapore, India, South Africa, Russia and Iran
increased significantly their scientific activities. These emerging nations not only increased
their share of the world’s scientific production but their national science systems also
experienced an endogenous growth. The authors thus predict that the center of gravity of
the science world will change accordingly. Table 1 confirms these trends, showing that for
BRICS countries, single country papers are typically growing as much as papers with
foreign colleagues. We could also add that the scientific impact of BRICS papers is likely
to increase, as it has been shown that their papers’ citation half-lives are increasing at faster
rate than that of developed countries’ papers (Bouabid and Lariviére 2013).

On the technological dimension, a report by BCG (2013) stated that for the 20062013
period, the number of patents granted by the United States Patent and Trademark Office
(USPTO) to companies based in Rapid Developing Economies (RDEs) increased at a rate
more than three times higher than that of companies from other countries. The BCG even
predicted that if this growth continued, 25 % of patents issued by the USPTO in 2018
would belong to RDEs.

These data suggest that emerging countries are aiming to build up their national
research systems to international quality standards. However, the disciplines in which these
countries are active vary greatly. Harzing and Giroud (2014) applied the concept of
revealed comparative advantage (RCA) to scientific output to highlight where countries
have a scientific advantage (in terms of their areas of specialization). They showed that
different countries exhibit very different research profiles: USA, UK, Canada, the
Netherlands and Israel have their main RCA in the Social Sciences while China, Singa-
pore, Taiwan and South Korea have a very strong RCA in Engineering and Technology
with comparative disadvantages in all other disciplines with the exception of Physical
Sciences. India is characterized by a modest RCA in Physical Sciences but demonstrated a
rather strong comparative disadvantage in the Social Sciences. Russia also has a strong
RCA in Physical Sciences. South Africa has a RCA in Social Sciences and Environmental
Sciences.

Yang et al. (2012) found that there is a certain relationship between countries’ areas of
specialization and their level of science and technology (S&T) activities. While the dis-
ciplinary structure of all G-7 countries is similar to that of other high S&T countries,
BRICS countries’ research systems share fewer common characteristics. The authors also
showed that, from 1991 to 2009, the disciplinary structure of BRICS countries has evolved
from being quite unbalanced—with the focus on only a few disciplines—to a much more
balanced blend of disciplines similar to what is seen in G-7 countries. They concluded that,
for BRICS countries, the reconfiguration of the disciplinary structure moves in parallel
with a strong development of S&T activities. However, this study did not address the
question of science collaboration between BRICS and G-7 countries and if collaboration
plays any role in developing their domestic scientific output in terms of disciplinary
structure.

The increase of emerging countries’ scientific output is to some extent driven by human
resources mobility and international collaboration. Mobility refers to the training of
BRICS’ highly qualified scientists in developed countries, mainly in the USA, Japan,
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Canada and Western Europe. According to the Institute of International Education (2013),
for the 2012-2013 period the USA hosted more than 34,000 Chinese scholars, 11,000
Indians, 3200 Brazilians and 1100 Russians. The return of these researchers to their
homelands constitutes a strong transfer of science and technology to their respective
countries, in addition to the fact that they typically maintain collaborative ties with their
host institutions.

A second driver for BRICS’ scientific productivity is the international collaboration
between researchers from BRICS countries and their peers worldwide. Indeed, many
authors have shown a positive relation between research productivity and scientific col-
laboration. Lee and Bozeman (2005), Lariviére et al. (2006), He et al. (2009), Abramo
et al. (2011) and Finlay et al. (2012) have all shown that collaboration is related with
research output and scientific impact. Similarly, Defazio et al. (2009) found that while
funding increased researcher productivity by approximately 14 %, collaboration increased
it by almost 70 %. The positive effect of collaboration on the scientific impact of papers
has also been shown using citations analysis (de Beaver 2004; Katz and Hicks 1997;
Lariviere et al. 2015; Levitt and Thelwall 2010; Rigby 2009). Finally, Sun et al. (2013)
found that scientific disciplines emerge from the splitting and merging of social commu-
nities in a collaboration network, which supports the theory that scientific collaboration
shapes the dynamics of science.

Data and methods

Data are drawn from Thomson Reuters” Web of Science database (WoS). Three scientific
fields, based on the NSF field and subfield classification, were considered in the present
analysis: Engineering & Technology, Medical Sciences (which includes Biomedical
Research, Clinical Medicine and Health) and Earth & Space. Two periods are considered,
1995-1997 and 2010-2012. The first period was fixed before the creation of the BRICS
alliance and the second one a decade and a half after, to measure the effect, if any, of this
alliance on the scientific collaboration between these countries. Scientific collaboration
between two countries is measured by the number of co-authored papers from these two
countries and full counting is used. Before mapping scientific collaborations, matrixes are
normalized using Jaccard Index (Jaccard 1901) as done by Hamers et al. (1989), Klavans
and Boyack (2006) and Leydesdorff (2008).

Consider the matrix [X] = X; where 1<i,j<n represents the gross matrix of the
number of co-authored papers between the countries i and j. The normalized matrix [J] =
Jij using the Jaccard index is written as:

X;
Ji= v~ -
Xim + Xmj — Xjj

where
X,'m = ZXU and ij = ZX,J
Jj=1 i=1

The last step in mapping is generating the science maps which can be done using one of
the available and specifically conceived tools for science mapping. All the maps presented
in this paper are produced using Gephi software after normalizing the collaboration matrix

@ Springer



878 Scientometrics (2016) 106:873-899

with Jaccard index as presented above. The respective scientific size of each country in a
given field is the number of papers published by this country in this field.

Results and discussion
Evolution of countries’ scientific production

Table 2 presents the number of papers produced by G-7 and BRICS countries between
1995-1997 and 2010-2012 in major scientific fields. Unsurprisingly, the USA is still at the
center of the world’s scientific production. No significant change has occurred from the
1995-1997 to 2010-2012, except in the field of Engineering and Technology, where it has
lost its leading position to China. Moreover, China significantly increased its scientific
production in all considered fields between 1995-1997 and 2010-2012. Unsurprisingly,
Russia has, by far, the lowest growth rate among the BRICS countries in all scientific
fields, as it is still recovering from the fall of the USSR. Let us recall that for most of the
second half of the twentieth century, the USSR was the second most active scientific
superpower, surpassed only by the USA (Graham 1993).

Evolution of scientific collaboration

China’s scientific collaboration with G-7 countries grew substantially between 1995-1997
and 2010-2012 (Figs. 1, 2, 3 and “Appendix 1” for the raw matrixes of collaboration).
Figure 1 shows that China’s scientific output exceeded that of the USA in Engineering and
Technology in 2010-2012. In this field, India and Brazil have also increased their scientific
output and intensified their collaboration with almost all G-7 countries. Two major factors
may contribute to this growth as well as the typical pattern of scientific development it
follows (Basalla 1967): tertiary students’ mobility and high technology activities of BRICS
countries. Indeed, the OECD report (2013) on international student mobility stated that the
largest numbers of international students in 2011 were from China (723,000), India
(223,000), Korea (139,000) and Russia (71,000), and that Brazil topped the countries of
Central and South America. These students play a key role in the intensification of research
collaboration when back in their country of origin, maintaining research ties with col-
leagues from host countries. This report also shows that five of the six most attractive
countries for foreign tertiary students are G-7 countries: USA, UK, Germany, France and
Canada. Regarding the second major factor, high-technology exports of BRICS economies
to G-7 economies have significantly increased (UNCTAD Statistics 2014), which might be
both a cause and a consequence of more research activities in these domains. For example,
‘Electronics (excluding parts and components), SITC 751 + 752 4 761 + 762 + 763)
exports from BRICS? to G-7 economies have grown approximately 624 % from 1995 to
2012, reaching 123.6 billon US$ in 2012 (despite a decrease in Brazil’s exports and South
Africa’s small increase of 4.2 %). Similarly, BRICS exports of ‘Machinery and transport
equipment, SITC 7° also grew 542 % during the same period, reaching more than 423
billion US$ in 2012.

Figure 2 provides the collaboration network of BRICS and G-7 countries in Medical
Sciences. In fact, Medical Sciences is the only field where no noticeable change can be
observed in BRICS and G-7 collaboration patterns, except for China, which is now much

2 Statistic for China refers to China PR, Hong Kong, Macao and Taiwan.
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closer to the G-7 cluster. The G-7 group has remained the core of the network with
intensive scientific collaboration among its constituents. Brazil, Russia, India and South
Africa remain at the cluster’s periphery even if their scientific production has significantly
increased between the two periods. While no increase has occurred in the BRICS intra-
closeness and intra-collaboration, the growth rate of the Medical Sciences output for each
BRICS country is largely exceeding the rate observed for G-7 countries (Table 2). As
health appeared to be an important issue at the 3rd BRICS Summit in 2011 (Harmer and
Fleck 2014), intensification of BRICS’ Medical Sciences production and intra-BRICS
collaboration could be expected. Since 2011, BRICS has held annual meetings discussing
specific health issues, which have been found to be different than those of the Organization
of Economic Co-operation and Development (OECD) countries (Harmer and Fleck 2014).

Earth and Space is the second field in which China demonstrates a strong progression,
with a research output that is greater than that of all other G-7 countries except the USA
(“Appendix 1” for the raw matrix). In 2013, China successfully landed the unmanned
Chang’e-3 spacecraft on the moon, becoming the first country to carry out a lunar
touchdown in almost four decades, and the third country in the world—after the USA and
Russia—to reach Earth’s satellite. China’s first self-built rocket was launched in 1990
carrying a satellite into orbit (Lakdawalla 2014) and in 2003, China’s first astronaut was
successfully sent into Earth’s orbit (Liao 2005). These clear advances in Earth and Space
can also be related to the growing Chinese scientific production and intensifying collab-
oration with G-7 countries in Engineering and Technology (Fig. 1).

Along these lines, India’s first astronaut flew in 1984 as part of the Soviet Soyuz
mission. In 2008, India successfully launched its first rocket into moon orbit, the Chan-
drayaan-1, in search of water evidence (Goswami and Annadurai 2009). Despite that space
experience, India does not show the same level of collaboration with G-7 countries in Earth
and Space (Fig. 3). Moreover, India’s progress in the field of Engineering and Technology,
both in terms of production and collaboration, is relatively less important than that of
China (Fig. 1).

As South Africa was the last country to join the BRIC alliance in 2011, it seems that its
“scientific integration” is still to come. Indeed, as shown in Figs. 1, 2 and 3, it is the
farthest from either the G-7 or other BRICS countries in all scientific fields studied. Even if
the number of papers produced by South Africa has substantially increased between
1995-1997 and 2010-2012 (Table 2), the country is still at the periphery of the BRICS
cluster, and far away from the G-7 cluster. Its main partners are the UK and USA, which
suggests that its scientific output growth (408 %, see Table 2) is rather exogenous than
endogenous, and due to international collaborations.

Figures 1, 2, 3 show that the scientific collaboration amongst BRICS countries did not
grow as fast as that between BRICS and G-7. In contrast to G-7 countries, where proximity
in terms of scientific collaboration has proven to be enduring, the increase of BRICS’
scientific production, when observed, seems to be more individual and endogenous than
resulting from any alliance or collective enterprise. According to Chan and Daim (2012),
when exploring the role of technology foresight activities with regards to innovation in
BRICS countries, one has to consider differences in their aspirations concerning their
future role in the global economy, political will, availability of economic resources,
technological positions, and social conditions, which may help explain the more com-
petitive than collaborative nature of the scientific relationship between China and India.
“Cooperation in S&T” was one of the five priorities of the G-7 as early as 1985 and may
explain the dense scientific cluster of G-7 countries seen in Figs. 1, 2, 3 and the difference
between the G-7 group and the BRICS group. Indeed, BRICS are a quite heterogeneous
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group, while all G-7 countries except Japan are of European heritage, with historical ties
related to language and culture. Such ties do not exist between Russia and Brazil or China
and India. Moreover, four of the G-7 countries—Germany, France, Italy and UK—are
members of the European Union, which has fostered, through structured science and
technology research programs, scientific cooperation over the last few decades. Such
programs of scientific cooperation do not yet exist at the level of BRICS countries despite
an explicit resolution made during the first BRIC Summit in 2009 (resolution no 11 of the
Joint Statement®), reaffirmed in the second Summit in 2010 (resolution no 29 of the Joint
Statement*) and even in later summits.

On the whole, these results suggest that the BRICS alliance is much more based on
political and economic relations than scientific ones. The scientific intra-collaboration
intensity (links) and proximity (distances) between these countries are weak and do not
seem to evolve in a positive direction. This seems to confirm the results of Finardi (2014),
who showed that some relatively strong collaboration ties exist but these intra-ties were not
necessarily the strongest the countries experienced. Geographical distance may explain in
part these weak collaboration links (Acosta et al. 2011; Hoekman et al. 2010; Scherngell
and Yuanjia 2011). Indeed, the mean geographical distance of the BRICS group is
9383 km (with a standard deviation of 4867 km) which is almost twice the mean distance
of the G-7 group: 5708 km (with a standard deviation of 3503 km).

Scientific Collaboration and High-technology Exchanges

In order to obtain a broader understanding of the scientific collaboration between countries,
numerous factors have to be taken into account. Harzing and Giroud (2014) recently pro-
posed a model detailing factors that may explain research profile and scientific competi-
tiveness of a country. These factors include the Demand conditions (e.g. academic
population, public and private sectors); the Factor conditions (e.g. human resources, phys-
ical resources, knowledge resources and capital resources); the Strategy, structure and riv-
alry (e.g. university goals and strategy, competition); the Related and supporting industries
(e.g. non-higher education research institutions and the IT industry); the Government (e.g.
education and R&D funding policy) and a part of Chance whose effect cannot be easily
predicted. Others have found a positive correlation between economic development and
scientific collaboration, within Europe (Acosta et al. 2011) and within China (Scherngell and
Yuanjia 2011). However, the relationship between scientific cooperation and high-tech-
nology economic exchanges has never been explored, despite the commonly made
assumption that we globally are in a knowledge and technology-based economy.

We explore here the relation between scientific collaboration and high-technology
exports between BRICS and G-7 countries. As shown in Fig. 4, high-technology exports’ of
most BRICS countries have increased, especially exports made to G-7 countries (except for

3 Resolution no 11 (2009 Summit): We reaffirm to advance cooperation among our countries in science and
education with the aim, inter alia, to engage in fundamental research and development of advanced
technologies.

Source: BRICS Information Center, University of Toronto (www.brics.utoronto.ca).

4 Resolution no 29 (2010 Summit): We reaffirm our commitment to advance cooperation among BRIC
countries in science, culture and sports.
Source: BRICS Information Center, University of Toronto (www.brics.utoronto.ca).

5 Includes ‘Electronics (excluding parts and components) (SITC 751 + 752 + 761 + 762 + 763)’, ‘Parts
and components for electrical and electronic goods (SITC 759 + 764 + 776)’, ‘Machinery and transport
equipment (SITC 7)’, ‘Medicinal and pharmaceutical products’ (UNCTAD Statistics 2014).
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Table 3 Modularity value and clustering index for BRICS and G-7 cluster

Period Modularity® Clustering coefficient”
1995-1997 0.229 0.586
2010-2012 0.243 0.760

# Using the Louvain Method for community detection which allows for detection and study of communities
having closer ‘distance’ within the cluster. The algorithm generates ‘modularity classes’ which may be
colored differently for network visualization and analysis (Blondel et al. 2008)

® The clustering coefficient is the weighted value for every node in the cluster. It captures more precisely
the effective level of cohesiveness and affinity due to the interaction strength between nodes (Latapy 2008)

Brazil) from the 1995-1997 period to 2010-2012. The proximity (closeness) of BRICS
countries, led by China, also increased though along different paths. The economic com-
petitiveness of BRICS countries among themselves is made visible by the very weak exports
flows seen between BRICS countries in Fig. 4. On the contrary, the export flows of each
BRICS country toward the G-7 group has intensified globally from 1995-1997 to
2010-2012. China has become a pivotal actor in the high-technology flows of the BRICS
and G-7 network for the 2010-2012 period, a position that was held until then by the USA.
On the opposite end, France’s position in the network of exchanges has decreased, both in
terms of flow intensity and proximity. The total value of exports made by the USA to BRICS
and G-7 countries increased by 37.1 % between the 1995-1997 and 2010-2012 period, the
exports made by the UK increased about the same amount (37.6 % between 1995-1997 and
2010-2012) and Japan increased its exports of 41 %, again for the same period. The exports
flows of BRICS countries show a quite different picture: India’s exports to BRICS and G-7
countries increased 1066 % between 1995-1997 and 2010-2012, while the exports made by
China increased 538, 167.2 % for exports made by South Africa, 151.1 % for exports made
by Russia and 131.8 % for exports made by Brazil (see “Appendix 27).

The increasing proximity of BRICS countries to the G-7 cluster is explained by the
improvement of the whole BRICS and G-7 cluster proximity. Indeed, Table 3 shows the
increase in modularity value passing from 0.229 in 1995-1997 period to 0.243 in
2010-2012 period. Simultaneously, the clustering index moved from 0.586 to 0.760 during
the same period (Table 3).

Conclusion

Using Web of Science’s scientific collaboration data and maps, this paper demonstrates
that BRICS countries’ increase in scientific production is to a large extent enhanced by
BRICS’ international collaboration, mainly with G-7 countries. For the 1995-1997 to
2010-2012 period, the USA remains at the center of the world’s scientific production in
almost all scientific fields while China is the fastest growing country both in terms of its
scientific production and its collaboration proximity with G-7 countries. Maps of BRICS
and G-7 collaboration clusters, based on the intensity of collaborations as well as on their
proximity, provide evidence that Brazil, Russia, India and South Africa still remain at the
periphery of the cluster even if their scientific output has significantly increased between
1995-1997 and 2010-2012. Furthermore, scientific collaboration amongst BRICS coun-
tries has not grown as fast as that between BRICS and G-7, suggesting that BRICS

@ Springer



Scientometrics (2016) 106:873-899 887

countries are individually collaborating with the G-7 countries that are still at the core of
the scientific collaboration network with intensive intra-collaboration activities

While high-technology exports made by most BRICS countries to G-7 countries have
increased between 1995-1997 and 2010-2012, the intra-BRICS high-technology exchan-
ges as well as the intra-BRICS scientific collaboration have remained very weak, which
might be the result of several factors, namely: the competitiveness of BRICS countries
among themselves, geographical distance (as the mean geographical distance of the BRICS
group is almost twice the mean distance of the G-7 group), the lower purchasing power of
some of these countries, and the lack of political will to fulfill the science cooperation
agenda explicitly set during their first summit in 2009.

Our findings also suggest a relationship between high-technology economic activities of
BRICS countries, the growth in their scientific production and their exogenous collabo-
ration in intensive and technologically-related scientific activities. As BRICS countries
increase their technological output and exchanges with G-7 countries, scientific relation-
ships between both groups of countries also increase which, in turn, positively affects the
research infrastructure of BRICS countries and certainly leads to more scientific output.
More research is necessary, however, to assess the extent of this relationship as well as the
effects of collaborating with specific countries.
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