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Abstract

This article aims to add to the body of indicators used to study collaboration in science.
We propose a new indicator to measure balance in collaboration (BIC) which is based on
the Gini evenness index for a weighted Lorenz curve. The new indicator of balance builds
upon and extends the use of, our previously introduced indicator of relative intensity of
collaboration (RIC). We present examples based on the collaboration network between the
twenty largest countries contributing to science during 2000-2020.

Keywords International collaboration - Weighted Lorenz curve - Weighted Gini index -
RIC-indicator

Introduction

The measurement and analysis of research collaboration by using co-authorship links in
scientific papers have been practiced in bibliometric research for over 40 years. Aggre-
gate statistics can be derived showing the development of collaboration patterns among
institutions and countries within the global network. At these levels, indicators of research
collaboration have proved useful for national policy analysis and organizational strategic
development.

In Fuchs et al. (2021), we recently reviewed the literature on collaboration indicators
and found reason to modify an often-used indicator that was first introduced in the article
entitled “Understanding patterns of international scientific collaboration” by Luukkonen
et al. (1992). In this article, the authors define the relative importance of country Y for
country X as:
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Fig. 1 The relative intensity of collaboration (RIC) over time from the perspective of China in relation to
five major collaborating countries. China is X in RIC(X,Y)
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A collaboration is counted each time author addresses in two different countries
appear in the same publication. Cyy denotes the number of collaborations between
countries X and Y; Cy is the total number of collaborations country X has with all other
countries, Cy is the total number of collaborations country Y has with all other coun-
tries, and T is the total number of pairwise country collaborations in the set of publica-
tions under study.
As shown in Rousseau (2021), this formula may lead to inconsistent results. We pre-
sented a modification that leads to a more logical solution in Fuchs et al. (2021), see also

(Fuchs & Rousseau, 2021) for a practical approach. A new collaboration indicator Relative
Intensity for Collaboration (RIC) was introduced as:

— Cyy- (T-C
RIC(X,Y) := <@>/<CY CXY> _ G (T-Gy) o

CX T_CX B CX' (CY_CXY)

We refer to this formula as the relative intensity of collaboration of actor X to actor Y (in
that order), actor X being the focus. We see that RIC(X,Y) > 0, but that there is no theoreti-
cal upper limit. This indicator is an asymmetric (the role of country X differs from the role
of country Y) and a relative indicator. The main reason for preferring RIC over the indica-
tor from 1992 (formula (1)) is that, ceteris paribus, when the collaboration between X and
Y increases, RIC increases, which is not always the case for formula (1).

(D
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To demonstrate the properties of RIC with the use of real-world data, we used a matrix
with collaboration frequencies among the 20 largest contributing countries' to journals
indexed by the Web of Science in the years 2000-2020. Figure 1 provides an example
where RIC is used to measure the relative intensity over time of China’s collaboration with
five major collaborating countries within the matrix of 20 countries.

The patterns seen in Fig. 1 are related to the growth of China within the global network.
Ten years ago, China surpassed the United Kingdom as the USA’s largest collaboration
partner in science. The USA now has twice as many collaborations with China as with the
UK. However, the relative intensity of collaboration between the USA and China has been
declining since it peaked in 2016. China is seeking other partners, among them the UK.
This recent development is only visible with an indicator of the relative intensity of col-
laboration. The decreased relative intensity of collaborations between China and the USA
is possibly reflecting COVID-19 travel restrictions and the deteriorating relations between
the two countries since 2018 (Tang et al., 2021; Zweig, 2021).

The policy interest in the patterns observed in Fig. 1 is obvious. The observations lead
to other questions that may also be of policy interest: Is China developing a more balanced
global collaboration profile as the intensity in relation to the USA decreases? And what
happened to the balance of the global collaboration profile of the USA as China became
the major collaboration partner?

This article introduces a new indicator to measure the balance in collaboration profiles
(BIC). As a first step towards calculating the BIC, we prefer using the RIC as applied on
a matrix of collaboration frequencies within a network, but similar probabilistic affinity
indices used to study collaboration (Chinchilla-Rodriguez et al., 2021) may provide the
basis as well. Then the weighted Lorenz curve is applied to measure the distances from
a balanced relation. This procedure results in a weighted Gini index between 0 and 1. As
the Gini index is widely used to measure inequality in the distribution of income across a
population where O refers to perfect equality, we suggest turning it around and using the
Gini evenness measure to express perfect balance (at 100%). This leads to the following
definition.

Definition The balance of collaboration, denoted as BIC(L), of a country L with respect
to a group of other countries, is equal to the evenness Gini index of the weighted Lorenz
curve of collaboration, expressed as a percentage.

We explain further how such a weighted Lorenz curve of collaboration can be con-
structed and how the corresponding Gini evenness measure is calculated. The BIC can be
used to compare actors in a network and how their collaboration profiles develop over time.
We will demonstrate how the BIC is constructed with the example of the calculations of
RIC in China’s relations with 19 other countries with the same data as used in Fig. 1. The
properties of the indicator will be discussed step by step. We end the analysis by present-
ing an example of BIC scores for China, the UK, and the USA based on the development
within the same network during the period 2000-2020.

1 See the list of countries in Table 3.
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Methods
Introducing a weighted Lorenz curve of collaboration

Consider a set V of publications, representing e.g., a scientific field, originating from dif-
ferent countries. Moreover, we assume that each country in the set has at least one inter-
nationally collaborated publication. We focus on country L and count the number of times
country L has publications, i.e., collaborated with each other country in the set. This is
the number of collaboration links of each other country with country L. Although we pre-
fer fractional counting [and there exist several options here, see e.g., (Rousseau & Zhang,
2021)], at this point it does not matter if one counts the number of publications using whole
counting or using fractional counting. For simplicity, we formulate our theory in terms
of whole counting. We recall that whole counting refers to participating, while fractional
counting refers to the actual contribution to collaborative work.

If there are N other countries in the set V, this leads to a finite row S=(sy, ..., sy). If
whole counting is used, 5; denotes the number of collaboration links between country L
and country L, j=1, ..., N. Some components of S may be zero, but that is allowed in our
approach.

Next, we count for each country, except L, the number of articles resulting from inter-
national collaboration (articles with more than one country in the byline) with countries
different from L. Hence, for the other countries, we exclude collaborations with country L.
Again, this can be done with whole numbers or fractionally (the fractional contribution of
country L in each collaborated article). This leads to a finite row R=(r},r,,....ry). Indices
must correspond of course: the index j in arrays S and R must refer to the same country.
Because we assumed that each country has at least one internationally collaborated publi-
cation it does not occur that for a country the r- as well as the s-value is zero. It is possible
though that one of the two values is zero. The s-value is zero if the country does not col-
laborate with country L, its r value is zero if this country only collaborates with country L.

Now the arrays S and R are normalized, leading to the arrays A and W with coordinates:

S .
;= —2— and w;= —~L— 3)

J N J N
Zm:l Sm Zm:l T

We note that zzzl s,, 18 equal to the total number of collaboration links between coun-
try L and all other countries. The sum ZZ:1 r,, 1s equal to the total number of collaboration
links between all countries, excluding country L. Yet, such links are now double counted as

a collaboration between country L; and L; counts for country L; and also for country L.
N

Consequently 7= Y, _ s, + (22:1 rm> /2 is equal to the total number of collaboration

links in set V.

Now we want to compare these two arrays. Does country L collaborate with other coun-
tries in proportion to their contribution in collaborations in field V, or does L has a few
preferred countries?

We re-arrange the country values such that for the new arrangement

a X ay

> s> N
wr T ow, T T wy S
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0 1 ' 1
Fig.2 Weighted Lorenz curves. A Standard discrete case. B Case with zero weights

where we have assumed that all components of W are different from zero. Now we can
construct the corresponding weighted Lorenz curve. This is the broken line connecting the
origin (0,0) to the points with components

2 2 , &)

We easily see from its definition that if the normalized weight values are equal (to 1/N)
then we obtain the standard Lorenz curve (Lorenz, 1905; Rousseau et al., 2018, p. 88).

Note that the order of the ratios (a/w;) already provides information about preferred
countries for country L. If a;=w; then country L collaborates with country j in the same
proportion as country j has collaborated with other countries within this dataset. If a;>w;
then country L has a preference for collaborating with country L;, while if a;<w; the
opposite is the case. Note that the ratios (a;/w;) are the slopes of the line segments of the
weighted Lorenz curve. As these slopes decrease, see Eq. (4), the curve is concave. Only if
all (ayw))-values are equal to 1, the weighted Lorenz curve coincides with the diagonal of
the unit square. Two simple examples of the construction of a weighted Lorenz curve are
shown in Fig. 2.

The usual theory of the weighted Lorenz curve does not include the case that some
W-values are zero. If w; =0, then a,/w, = oco (recall that it is excluded that a; as well as w,
are equal to zero). Yet, there is no real objection to beginning a weighted Lorenz curve
with one or more vertical parts. Such a weighted Lorenz curve would be farther away from
the diagonal than a similar one not beginning with a vertical part. This feature corresponds
with our aim of comparing the A and W arrays.

A partial order among countries

We have explained the weighted Lorenz construction for a given country L. This construc-
tion can be repeated for all other countries. If we denote the weighted Lorenz curve of
country L; by L, (L), then we can introduce a partial order between countries, denoted as
-<as follows: L-<L,, if L (L) <L,(L,,), with equality only if the two curves coincide. The
relation -<is only a partial order as curves may intersect, as they do for classical Lorenz
curves.
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The relation with RIC(X,Y)

Assuming that country X in Eq. (2), from Fuchs et al. (2021) is now the target country L
and country Yis now L; (the jth country), then Cy y is now denoted as s;; Cy is now denoted
as Z met Sm> Cy being the total number of collaborations country Y has w1th all other coun-
tries except country X, is here denoted as r; and T — Cy, the total number of pairwise coun-
try collaborations, not including those with country X, in the set of studied publications is
now (ZZ:1 rm>/2. Consequently, w; = ﬁ = ZC(YT__CCXX’) and a; = Zf:l o= CCLXY Hence
the slopes of the line segments of the weighted Lorenz curves, namely (a;/w;) are equal to
twice the RIC(X,Y) values. When w; is equal to zero, this is not a proper RIC value. It refers

to the case that country L; has an exclusive relation with country L.

Measures for global collaboration patterns

Now any measure respecting the partial order of the weighted Lorenz curve can be used
as a collaboration measure. This means that if m denotes a measure and L; -<L, then
m(L;) <m(L,) with equality only if L;=L,,. Probably the weighted Gini index is the easiest
to understand. The interpretation of this index is the same as that of the (unweighted) Gini
index, namely twice the area between the (weighted) Lorenz curve and the diagonal. This
indicator can be calculated as:

G, (L) =

N N
22|wa—wa| (6)

i=1 j=1

N =

or equivalently, when data are ranked as in Eq. (4), and b;=1-
with by=1:

for j=1, ..., N,

mlm

N N-1
G,(L)=1- <Z b w,+ Z bjwj> 7)
i=1 =

Formula (6) can be found in Theil (1967, p. 121), while proof of formula (7) is given in
the “Appendix”. This measure has been used e.g., in studies of the localization of industry
under the name of ‘locational Gini coefficients’ (Krugman, 1991; Zitt et al., 1999).

If the first k weights are equal to zero, then this formula becomes (see “Appendix”):

N
G L) =1= % (b+bi)w, ®)
=
still with b; =1~ Z nforj=1, ..., N, and by=1.

Formulae (6), (7) and (8) are (classwal) weighted Gini indices for inequality. As stated
before, we need the weighted Gini evenness coefficient, which is equal to 1 — G, (L).
Hence, we have for countries X and Y:

N
BICX,Y)= ) (bj+b;_,)w, )

j=k+1

The higher the weighted Lorenz curve the more country L’s collaboration pattern differs
from the other countries’ collaboration pattern.
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Table 1 Collaboration table (6

articles, 6 countries; we focus on Al A2 A3 Ad AS A6

country L) L, 3 0 2 4 2 0
L, 0 0 2 6 0 0
L, 0 1 2 6 0 0
L, 1 2 0 0 0 0
Ls 0 1 0 1 0 3
Ly 0 0 0 0 1 0

Table 2 Data for the case of Al A2 A3 A AS

collaborated articles using whole

counting L 1 0 1 1 1
L, 0 0 1 1 0
L, 0 1 1 1 0
L, 1 1 0 0 0
Ls 0 1 0 1 0
L 0 0 0 0 1

Fig.3 Weighted network corre-

L6
sponding with the data in Table 2

L2 L5

L3 1

L4

A simple fictitious case, illustrating the different steps in the whole counting case
(the same idea can be applied to fractional counting) is provided in “A fictitious illustra-
tive example” section. A real-world example follows in “An example based on real data”
section.

A fictitious illustrative example
We consider the following collaboration Table 1 which refers to six articles and six coun-

tries (hence N=5), where we focus on country L,. The cells in the table refer to the number
of authors of the country in the first column collaborating to the article in a given column.
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Fig.4 Weighted Lorenz curve for country L with arrays S=(2, 2, 1, 1,1) and R=(3,5,2,4,0)

We will only consider internationally collaborated articles in this example (so A6 is not
considered). We will only illustrate the case of whole counting. Hence, we only use the
data in Table 2.

Figure 3 shows the corresponding weighted network.

The array S=(2, 2, 1, 1,1) gives the number of articles in which country L,j= 2,3,4,5,6,
collaborates with country L; (with or without other countries). Normalizing leads to
A=(2/7,2/7, UT,1/7,1/7).

The array R is here (3,5,2,4,0), showing the number of collaboration links involving
countries Lj, Jj=2,3,4,5,6. The corresponding normalized array is W=(3/14, 5/14, 2/14,
4/14, 0/14).

Now the components of W and A must be re-arranged such that a;/w; is decreasing. This
leads to Lg,L,,Ly,Ls,Ls with corresponding (a;/w;) values: + oo >4/3>1>4/5>2/4. Recall
that for the finite results, these slopes are equal to twice the RIC(L,, Lj) values.

Now we can draw the weighted Lorenz curve. It connects the points with components
(0,00—(0, 1/7)—(3/14, 3/7)—(5/14, 4/7)—(10/14, 6/7)—(1,1). It is always concave. The
result for this example is shown in Fig. 2.

The value of the weighted Gini evenness index is 34/49. This means that the BIC is
equal to 69.4%.

We note that using S=(200,200,100,100,100) and R=(300,500,200, 400,0) would lead
to the same weighted Lorenz curve and hence also to the same BIC value (Fig. 4).
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Table 3 A basis for the Lorenz curve

Country/region Y Cy y— array = (Cy— Cyxy) array = Array A Array W RIC=A/2W)
Array § Array R
USA 47,911 227,349 0.375 0.167 1.122
Taiwan 3701 19,028 0.029 0.014 1.015
Australia 11,334 65,111 0.089 0.05 0.886
Japan 6704 46,590 0.052 0.037 0.706
South Korea 4014 31,554 0.031 0.026 0.613
Canada 8069 65,544 0.063 0.054 0.59
United Kingdom 12,505 130,437 0.098 0.11 0.446
India 2340 30,020 0.018 0.026 0.355
Russia 2119 29,313 0.017 0.025 0.328
Germany 7473 113,442 0.058 0.099 0.296
Sweden 2577 39,933 0.02 0.035 0.29
Turkey 864 14,977 0.007 0.013 0.257
France 4817 83,808 0.038 0.074 0.256
Netherlands 2960 56,104 0.023 0.049 0.234
Poland 1275 27,365 0.01 0.024 0.205
Italy 3071 73,365 0.024 0.065 0.184
Brazil 1399 33,519 0.011 0.03 0.183
Spain 2547 61,150 0.02 0.055 0.183
Switzerland 2115 53,468 0.017 0.048 0.173
Sum 127,795 1,202,077 1 1

Data ranked according to descending RIC values in 2018 for China in relation to 19 other countries

An example based on real data

To provide examples based on real-world data, we used Web of Science as represented in
Clarivate’s InCites in 2021 to register co-occurrences in the addresses of scientific articles
(including reviews) of the 20 countries listed in Table 4 below. A co-occurrence is counted
only once even if a country is listed more than once in an article. The 20 countries were
selected by the size of their scientific output and their size within the global network of
international collaboration. Together, the 20 countries contributed to 87.6% of the world’s
scientific output in publications in 2020. Our measurement will not change much by adding
more countries. However, the aim of collaboration analysis is often to compare countries of
the same size or within the same region. We suggest adding smaller countries to a group of
large countries rather than replacing large countries with smaller countries if the intention
is to provide an unbiased picture of how smaller countries collaborate within the global
collaboration network.

To demonstrate how the BIC is constructed using a real-world example, we consider
the collaboration pattern of China in the year 2018 with the other 19 countries/regions. To
create the Lorenz curve, the other countries need to be ranked by descending RIC as shown
in Table 3. The basis for the Lorenz curve is the two columns Array A and Array W which
are also the basis for calculating the RIC. To take the example of China in relation to the
USA, the RIC value of 1.122 is calculated as the observed relative intensity (0.375) divided
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Fig.5 Weighted Lorenz curve for China in 2018

by the expected relative intensity (0.334). The first of these values is used in Array A while
half of the latter is used in Array W. After the columns are made cumulative, Array A pro-
vides the y-axis and Array W the x-axis for the Lorenz curve. Array W provides the weigh-
ing of the A values. The result is shown in Fig. 5. The value of the weighted Gini evenness
index is 0.637. This means that the BIC is equal to 63.7%.

Two examples of the use of the BIC

Before concluding, we will use the same dataset to provide two examples of how the
BIC can be used in policy-relevant analysis. Figure 6 shows the development of the
BIC in the period 2000-2020 for the same six countries that are represented in Fig. 1
above. The UK stands out with a high degree of balance in international scientific
collaboration while China stands out with a low degree. The general trend is towards
increased balance in international scientific relations, but this is the case for China and
the USA only in recent years. When comparing with Fig. 1, it seems that the increas-
ingly intense collaboration between the two countries until 2016 came at a loss of bal-
ance and that the reduced bilateral intensity in the most recent years has provided for
increased balance in the two countries’ relations to other countries.

The BIC is probably most relevant to use in combination with RIC or similar meas-
ures of collaboration intensity. An example is given in Table 4. Here, we have ranked
the 20 countries in descending order according to the BIC values in 2020. In the other
columns, we identify the countries or groups of countries that exhibit the highest and
lowest RIC values from the perspective of each country in the same year. The relative
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Fig.6 Example of BIC values: The balance in the collaboration patterns of China and its five major col-
laborating countries in the years 2000-2020

Table 4 The 20 countries ranked according to BIC in 2022 with additional information about the bilateral
relations with the highest and lowest collaboration intensity according to RIC

Country/region Y BIC (%) High RIC Low RIC

United Kingdom  90.5 Europe and Australia Taiwan, South Korea, Japan, Russia
Sweden 86.3 Europe Asia

Turkey 84.2 Taiwan, India, Russia, Poland Canada, China, Australia, Japan
Germany 83.3 Europe Asia, Australia, Canada

France 82.9 Europe Asia, Australia

Canada 82.8 USA, China, Brazil, Australia Russia, Turkey, Taiwan, Poland
Japan 82.7 Asia, USA Europe

Australia 82.6 China, Commonwealth, USA Europe, Brazil

Russia 82.5 Poland, Turkey, Germany Commonwealth, USA, China
Brazil 81.6 Spain, USA, France, India, Canada Other Europe, Asia

India 81.5 South Korea, Taiwan, Turkey, Russia

Netherlands 81.2 Europe Asia, Russia, Brazil

Poland 79.2 Russia, Turkey, Italy, Spain China, Australia, Canada, USA
USA 79.2 China, South Korea, Canada Poland, Russia, Europe
Switzerland 78.1 Europe Asia, Australia

Italy 77.9 Europe Asia, Australia

Spain 77.6 Europe, Brazil Asia

South Korea 70.4 Asia, USA Europe

Taiwan 67.4 Asia, Turkey Europe

China 65.3 USA, Asia, Australia, Canada, UK Europe, Brazil

intensities could also have been visualized in a two-dimensional map, but here, the
BIC adds information about the balance.
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Conclusion

The BIC indicator is a new indicator, specifically constructed to measure balance in col-
laboration. The indicator is based on the Gini index for a weighted Lorenz curve. The rela-
tion between this weighted Lorenz curve and the previously introduced indicator of relative
intensity of collaboration (RIC) is explained. As the weighted Lorenz curve and the associ-
ated Gini index are not often used in bibliometric work, their construction and calculation
are clearly explained.

Our examples using a dataset with collaboration frequencies among 20 large coun-
tries demonstrate that the new indicator of balance in collaboration patterns can be a use-
ful extension of indicators measuring the relative intensity of collaboration in bilateral
relations. For any country, the balance can be studied over time and compared to other
countries.

Appendix: Proof of formula (11) and its equality with formula (10)
Weighted Gini evenness index

We calculate the area above the weighted Lorenz curve. Then the weighted Gini evenness
index is twice the calculated area. For the BIC indicator, we use this value expressed as a
percentage.

The area above the weighted Lorenz curve is the sum of two types of triangles, those
indicated with I and those indicated with II, see Fig. 7. Recall that b;= 1= _, a; with
Jj=1,...,N,and hy=1.
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Twice the area of I, is: w|.1=w.b,,.

Twice the area of II; is: w;. (1—a;)=w,.b,.

Twice the area of I, is: w,. (1—a;)=w,.b,.

Twice the area of II, is: w,. (1—(a; +a,)) =w,.b,.
In general: twice the area of [; is: w;.b;—1

Twice the area of I1; is: wb;.

Twice the area of I is: wyby.;.

Twice the area of II,, is zero.

Hence the area above the weighted Lorenz curve is

! N N-1
3 (FZI ijj—l + ; wjbj>

Finally, the Gini evenness coefficient is:

N N-1
<Z Wby + ijj)
j=1 j=1
If there are k zero weights, then two times /; becomes:

k
(1 - Zm:l am)wk+l = bW

and the formula becomes:
N N-1
( > v+ D ij,»>
j=k+1 J=k+1

still with b;=1-Y/ _ a,, forj=1, ..., N, and by=1.
Proposition. The following two formulae (10) and (11) yield the same result.

G,(L) = Z Z |wa - wa; | (10)

llj

N-1
and GW(L)_1—<Zb, W +wa> (11)

Jj=1

with b;=1- Z’_l a, withj=1, ..., N, and by=1.
Proof We first note that for j>0: Y/ _ a,=1-b; and v a,=b;. Now,

m=j+1
a;
LD AN | - wja | ¥ ij (a,-wj—ajwi)(as = —’)

w;
i<j

7
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= (awy —ayw, + aywz —azw; + ayw, —aawy + - 4+ awy —ayw,)
+(aWy —a3wy + Wy — agwy + ayWs — asw, + -+ + AWy — ayw,)
+(a3wy —agws + azws —aswz + -+ + azwy — ayws;)
+ o ay Wy —aywy_,
= wy(—ay—as— - —ay) + wy(a, —a; —a, — - —ay) + wsyla; + ay —ay —as — - —ay)
+wylay + ay + - + ay_y)
=w (1 =by—b)) + w2(1 - b, —b2) + w3(l -b, —b3) + o+ wy(l=by_y)

=1 = (by_s +b;)w; (recall that by=1 and by=0)
N N-1 N
Now. G,(1) = 1= (B, bioyw, + T bw, ) = 1= T, (b, + b, )w,

Yt (b + b )w;

If the first k weights are zero, then we have: G,,(L) = 1 — Z].: et
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