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With the expansion of globalization, the internationalization of education has become
an essential strategy for developing in various countries. To obtain higher education,
more and more students decide to study abroad. Many countries have been recruiting
talented people to promote education and technology innovation in recent years. In
particular, emerging and developing countries have improved systems on talent
introduction. Meanwhile, the internationalization of education has become one of
the important factors affecting the economic development of a country. Thus, the
environment for talent development has been improving, and the international talent
flow mode has become increasingly diversified, and it is of certain guiding significance
to analyze and formulate corresponding laws according to the behavior of foreign
students. This article constructs a weighted directed network to analyze the network’s
evolution by global student mobility data from 2007 to 2016. The results are as follows:
first, the network has a small average path length and significant average clustering
coefficient, showing small-world characteristics. Second, the density shows a trend of
first reducing and then rising. It explains that emerging countries also improve the ability
to attract talents, and interactions between countries are becoming more frequent.
Moreover, degree and degree centrality gradually increase, indicating that the number
of students is rising, and the study abroad path is also growing in the network. Finally,
the division of community based on the label propagation and semi-supervised learning
to demonstrate the club’s change reflects the communications of these communities
during the decade.

Keywords: network science, international student mobility, spatial and temporal evolution, community detection,
label propagation, semi-supervised learning

1 INTRODUCTION

Innovation is the first driving force that leads to development, while the essence of innovation
drive is talent drive. In the era of knowledge economy, talent mobility is influencing the world
economy by its way, and studying abroad has become an efficient way. In the process of
international education, international education and international student mobility are the
important components, while international student mobility refers to students’ movement

Edited by:
Zhi-Qiang Jiang,

East China University of Science and
Technology, China

Reviewed by:
Peng-Fei Dai,

Wuhan University of Technology,
China

Yin-Jie Ma,
East China University of Science and

Technology, China
Chao Min,

Southwest Petroleum University,
China

*Correspondence:
Jun Hu

jungehu@126.com
Peng Wu

wupeng88857@126.com

Specialty section:
This article was submitted to

Social Physics,
a section of the journal

Frontiers in Physics

Received: 18 April 2022
Accepted: 19 May 2022
Published: 30 June 2022

Citation:
Cui M, Hu J, Wu P, Hu Y and Zhang X

(2022) Evolutionary Analysis of
International Student Mobility Based

on Complex Networks and Semi-
Supervised Learning.

Front. Phys. 10:922872.
doi: 10.3389/fphy.2022.922872

Frontiers in Physics | www.frontiersin.org June 2022 | Volume 10 | Article 9228721

ORIGINAL RESEARCH
published: 30 June 2022

doi: 10.3389/fphy.2022.922872

http://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2022.922872&domain=pdf&date_stamp=2022-06-30
https://www.frontiersin.org/articles/10.3389/fphy.2022.922872/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.922872/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.922872/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.922872/full
http://creativecommons.org/licenses/by/4.0/
mailto:jungehu@126.com
mailto:wupeng88857@126.com
https://doi.org/10.3389/fphy.2022.922872
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2022.922872


across borders to obtain a stronger educational resource [1].
The United Nations Educational, Scientific and Cultural
Organization (UNESCO) data show that there were 2.7
million international students in 2007 and more than 5.08
million by 2017 [2]. However, the mobility would be affected
by many factors, such as population size, talent resource
allocation, comprehensive national power, and economic
development of a country [3].

Based on the world system theory created by Wallerstein, this
theory divided countries into three types: core countries, semi-
periphery countries, and periphery countries [4]. The developed
countries possess state-of-the-art research and innovation
infrastructure, keeping the core of the international student
mobility network. However, they constantly put pressure on
underdeveloped countries by their economic and technological
power; while underdeveloped countries with limited research
technology and incomplete infrastructure are at the periphery
[5]. From a macro perspective, the mobility is positively
correlated with a country’s overall national strength.
Moreover, the flow from developing to developed countries
has been proven to be a basic trend, with a severe imbalance
between the source and receiving countries.

In the early days, there were two modes of global student
mobility:1) from developing countries to developed countries
and 2) within developed countries to each other. Developed
countries master the core technology in a global institutional
organization, introducing many outstanding talents and
consolidating their regional advantages in a core position
[6]. To attract more talented people from all over the
world, several developed countries have relaxed the
restrictions on student visas to enhance the technology.
After the 21st century, emerging countries’ comprehensive
national power has been increasing. Although developed
countries still occupy the primary position in accepting
students, their share has been somewhat reduced. For
developing countries, there are advantages and
disadvantages in encouraging talents to pursue further
education abroad. It boosts students’ living value and
facilitates the national innovation development after study,
providing a vital way to share knowledge and technology.
However, it also inevitably leads to brain drain after
students access high-quality education, that is “Brain Drain”
[7]. Developing countries have been improving policies for
talent acquisition and innovation infrastructure, such as
establishing study abroad funds to support students to
study higher education, thus promoting domestic
technological progress.

In addition, talents will return to their homeland and
contribute to technology development after acquiring
scientific skills. The “brain drain” is gradually transformed
into a “brain circulation,” and the multidirectional circulation
pattern has gradually replaced the one-way flow pattern of
single marginal countries to core countries [8]. Students are no
longer concentrating in developed countries, and more hub
countries have emerged. At present, mobility among
developing countries and intra-regional mobility has
become the new trend, gradually becoming the primary

trend with mobility from developing to developed countries
and intra-developed countries [9]. The balance of global
student mobility has also contributed to the balanced world
economy. To further balance the economy, nations should
exchange more advanced technology to accelerate the
integration and diversification of global education.

International student mobility is a leading way to spread global
knowledge and technology [10], and there is much research about
it from various perspectives. Wang studied the global scientific
talents by patents data from 1990 to 2012 and concluded that
there is a trend toward the concentration of mobility talents with
an increasing mobility network [11]. With the emergence of
complex networks, scholars have started to apply such theory to
different areas [12–14]. Hou studied the evolution of global
student mobility and factors by network analysis and the
negative binomial regression model, proving that the network
has a clear hierarchy, and countries such as China have become a
new regional hub [15]. Macrander studied the economic
inequality of international student mobility from 2008 to 2012
and found that high-income countries function as receiving
countries, while low-income countries function as source
countries [16].

This article collects global student mobility data to study its
structural characteristics from 2007 to 2016 and then analyzes
the network’s evolution by network analysis. We divided
nations to study their communications between countries
using community detection. The main contributions of this
article are as follows: 1) it provides a method to study
international education, which also reflects the economy in
a nation. 2) Network density, small-world characteristics, and
degree centrality of the network are investigated to analyze the
characteristics of the fluctuation of international student
mobility during the decade. 3) Community detection divides
the world into several associations to study the student
mobility variation.

The rest of the article is organized as follows: first, we provided
the relevant data and explained the sources of the data, and we
introduced some models about the network complexity structure
in Section 2; then, we elaborated the results and related analysis
in Section 3; finally, Section 4 includes the main conclusion and
policy recommendations.

2 DATA AND RESEARCH METHODOLOGY

2.1 Data
In the article, we collected the global student mobility data
from 2007 to 2016 by the UNESCO database. As the only
official data source to obtain information on cross-country
mobility in international higher education, scholars often used
it among empirical evidence to global intellectualization
[17, 18].

2.2 Research Methodology
2.2.1 Network Complexity Measurement Model
We built a weighted directed network using data on global
student mobility because mobility is not a single linear
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pattern, and with distinct numerical characteristics, thus we
measured the network complexity structure by characteristic
statistics [21].

1) Network density

The network density is used to measure the closeness of a
network, denoted asDg. In this article, the higher the density, the
more frequently international students move among various
countries. The calculation formula is as follows:

Dg � E

N(N − 1) , (1)

where E is the number of edges, andN is the number of nodes in
the network.

2) Average path length

The average path length is the average of the shortest path in a
network, denoted as L. It describes the average of shortest linkage
paths between countries. The shorter the average path length, the
more efficient the connections between the mobility network are,
and the expression is as follows:

L � 2
N(N − 1) ∑i≥ j

dij. (2)

where dij represents the shortest distance from node i to node j.

TABLE 1 | Statistics on complexity characteristics of international student mobility from 2007 to 2016.

Year Node Edge Diameter Degree
centrality

Weighted
degree

centrality

Density Average
path
length

Average
clustering
coefficient

2007 222 5833 4 26 10662 0.199 1.664 0.55
2008 224 6529 4 29 11393 0.131 1.665 0.51
2009 223 6778 4 30 12251 0.137 1.633 0.531
2010 219 6962 5 32 12911 0.146 1.657 0.552
2011 226 7524 4 33 14126 0.148 1.633 0.533
2012 227 7704 5 34 14157 0.15 1.66 0.538
2013 224 7491 5 33 14276 0.15 1.641 0.555
2014 224 8578 4 38 16873 0.172 1.603 0.529
2015 224 8983 4 40 18157 0.18 1.587 0.529
2016 223 9111 4 41 19111 0.184 1.54 0.547

FIGURE 1 | Degree distribution and the cluster coefficient distribution of 2016.

FIGURE 2 | Network density from 2007 to 2016.
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3) Average clustering coefficient

The average clustering coefficient is the average of the clustering
coefficient between all nodes, describing the tightness of connections
between nodes, denoted as C(0≤C≤ 1).Thus, the clustering
coefficient Ci of node i is calculated as follows:

Ci � Ei

ki(ki − 1)/2 , (3)

where ki is the number of nodes i connected to other nodes, and
Ei is the number of edges that node i connect to other nodes; then,
the average clustering coefficient can be expressed as follows:

C � 1
N

∑N
i�1
Ci. (4)

4) Degree centrality

The degree centrality is the number of nodes that are directly
connected to that node, denoted as Cd. In the article, degree
centrality is the number of countries with which the country has
access to study abroad and is calculated as follows:

Cd(i) � ∑N
j�1
aij. (5)

If node i connects to node j, aij � 1; otherwise, aij � 0.

5) Weighted degree centrality

The weighted degree centrality is the sum of edges weighted
directly connected to node i in a network, which is denoted as Cw.
In the mobility network, Cw is the sum of students flowing into
the country and students flowing out of the country, reflecting the
international education level in a country.

Cw(i) � ∑
j∈Nj

wij, (6)

whereNj is a set that node j directly connects to other nodes, andwij

is the number of global students flowing between node i and node j.

3 LABEL PROPAGATION ALGORITHM

To further explore the network, we used community
identification algorithms to divide communities. We classified
these countries involved in international student mobility based
on nodes’ connection density. Nodes are tightly connected
between the same communities while sparsely connected
between different communities [19, 20]. Usually, the
modularity Q function is used to describe the accuracy of
community division, which was devised by Newman [21]. The
closer theQ takes to 1, the more obvious the community structure
is, which is expressed as follows:

Q � 1
2M

∑
i,j

(aij − kikj
2M

)δ(gi, gj), (7)

where M is the number of edges, ki and kj are the degrees of
nodes i and j, respectively. Moreover, the function δ(gi, gj) is

FIGURE 3 | Basic properties of network diagrams from 2007 to 2016: (A) Box plot of the unweighted indegree network. (B) Box plot of the unweighted outdegree
network. (C) Box plot of the unweighted indegree minus outdegree network.

FIGURE 4 | Change in the number of country categories from 2007
to 2016.
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defined as follows: if node i and node j belong to the same
community, δ(gi, gj) � 1; otherwise, δ(gi, gj) � 0.

Let (x1, y1)/(x1, y1) be the marked data, YL �
{y1 . . .yl} ∈ {1 . . .C} be the category label, the number of
categories C is known, and all exist in the label data. Let

(xl+1, yl+1) and (xl+u, yk+u) be the unmarked data, YU �
{yl+1 . . .yl+u} unobservable, l< < u, and let data set
x � {x1 . . .xl+u} ∈ R. The problem is converted to the following:
from dataset x, the learning of YL is used to find the corresponding
label for each data on the unmarked dataset YU.

FIGURE 5 | (Continued).
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Considering all data as nodes to create a fully connected graph,
the weight of its edges is calculated as follows:

wij � e⎛⎝ − d2
ij

σ2
⎞⎠, (8)

where dij represents the Euclidean distance of any two nodes, and
the weight wij is controlled by the parameter σ°

In order to measure the probability that the label of a node
propagates to other nodes through edges, a (l + u) × (l + u)
probability transfer matrix t is as follows:

Tij � P(j → i) � wij∑l+n
k�0wkj

, (9)

where Tij is the propagation probability from node j to i.

4 RESULT AND ANALYSIS

4.1 Network Structure Complexity
Characteristics
We constructed a weighted directed network by the global
student mobility data from 2007 to 2016 and calculated the

characteristic statistics about the network complexity, the
degree distribution, and the cluster coefficient distribution of
2016, as shown in Table 1 and Figure 1. We find that the degree
distribution is the fit in some sort of fat-tailed distributions. The
network has a considerable average clustering coefficient and
small average path length, showing “small-world” characteristics.
Figure 2 shows the network density from 2007 to 2016.

The countries involved in global student mobility have been
stable, ranging from 219 to 227 during the decade, which
indicates that many countries are encouraging their students
to study abroad and welcoming talents from all over the world
to develop further. However, with the evolution of globalization,
the student mobility trend is on the rise and growing. As we know
from Table 1, the pathways between countries have increased
from 5833 to 9111 with an average annual growth rate of 4.6%,
and the average number of exchanges per country has increased
from 26 in 2007 to 41 in 2016. This indicates that the world
economy is becoming diversified and integrated. Many countries
attach increasing importance to innovative technologies and
knowledge’s transmission, which are constantly exporting or
receiving talents to other countries.

FIGURE 5 | (Continued). Community division results of the network from 2007 to 2016. (A) 2007; (B) 2008; (C) 2009; (D) 2010; (E) 2011; (F) 2012; (G) 2013; (H)
2014; (I) 2015; (J) 2016.
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In the decade, the average number of students admitted and
sent out increased from 10662 to 16873, with an average annual
growth rate of 6%, which shows that its scale is growing rapidly.
Moreover, the density has increased from 0.119 to 0.184 and with
a diameter between 4 and 5, indicating that academic exchanges
between these countries are becoming more frequent. Similarly,
the average path length has decreased from 1.664 to 1.54, and the
average clustering coefficient ranged from 0.552 to 0.51, with an
overall decreasing trend. It explains that the network’s connection
is becoming more intensive. People no longer gather in a single
direction to developed countries but gradually began developing a
multi-directional circulation trend, and the circulation has helped
achieve a balanced economy and realize the globalization of
international education. With the boosting of international
influence, especially in developing countries like China and
India, many students would return to their native and start a
career.

4.2 Network Centricity Evolution
We drew the box plots about the degree by student mobility
data from 2007 to 2016, as shown in Figure 2 from panel (a)
to (c). Clearly, the average number of students admitted to
each country shows an overall upward trend during the
decade from Figure 2A, indicating that many countries are
constantly encouraging education and technology, but the
maximum number of students has not changed. In addition,
the average number of students sent out is also increasing
year by year from Figure 2B, fluctuating more significantly
than the rise of admitted students. It indicates that many
countries realize the importance of talents, devoting
themselves to cultivating more science and technology
talents.

Finally, Figure 3 (c) reflects the difference between the
receiving and originating countries for each country, and it
has not changed significantly, indicating that these countries’
exchanges are relatively fixed. Moreover, the shortest box in 2007
demonstrates that the communications between nations are more
concentrated, while the most extended box in 2016 suggests that
the interactions are dispersed. At the same time, there are many
abnormal values except the latter three years, explaining that
developing countries are no longer just sending talents outward
and attracting more global students by their own scientific and
technological strength.

Meanwhile, indegree centrality and weighted indegree
centrality describe a country’s ability to attract talents,
reflecting the comprehensive national strength and global
influence. The higher the indegree centrality, the more
countries recognize the country’s educational resources and
technology strength, that is, the more paths of origin students
come from; the higher the weighted indegree, the more the
students move to the country. However, outdegree centrality
and weighted outdegree centrality reflect a country’s ability to
send talents to various countries. The higher the outdegree
centrality, the more destinations the country sends talents to,
that is, the more countries there are technological exchanges with;
the higher the weighted outdegree centrality, themore talents sent
to various regions.

4.3 Community Division
We divided the network structure into several associations based on
the mobility relationship from 2007 to 2016. The country category
changes are shown in Figure 4; although it changes each year
slightly, it is also stable between 6 and 7, demonstrating that the
international student policies have not changed significantly. In
addition, the clustering result is shown in Figure 5, in which (a)
~(j) are the network’s associations during the decade. Moreover,
these diagrams explain the relationships between nations in detail.
The more connect between the countries, the more the frequent
exchange between them, indicating that a country pays increasing
attention to global resources and outstanding talents.

As we can see from the decade-long communities division,
developed countries such as the United States and the
United Kingdom belong to one association, being a core by their
vital educational resource. Countries such as China and Japan are
divided into one association. They have been reforming their talent
introduction policies and increasing their investment in education,
gradually shifting from a semi-periphery to a core. However, countries
such as Africa and Latin America belong to one association, and they
have been marginal in the network due to the backwardness.

5 CONCLUSION AND DISCUSSION

This article focuses on global student mobility data from 2007 to
2016. By analyzing the statistics of the complex network, we know
that the global awareness of knowledge sharing gradually is taken
seriously. The network shows a “small-world” character; with
discussions between countries becoming closer and closer, the
students keep increasing significantly. Then, we analyzed the
network centrality to study education communication between
nations. Finally, we divided these countries involved in student
mobility into communities, and it is found that whole
communities have a little change during the decade. In essence,
countries such as China and South Korea have gradually moved
from a semi-fringe position to a core position, which outstandingly
contributes to international education. The global student flow is no
longer singularly to the Western European countries led by the
United States. The internal mobility of developing countries has
become a new trend, forming a new world development pattern.

To facilitate economic integration, nations ought to pay
attention to their responsibilities in the international culture. To
accelerate the sharing of global resources, we should participate in
the evolution of international education. First, although the
developed countries are dominated by their technological
capabilities, the mobility is no longer concentrated to a single
developed country, and they are no longer the only choice.
Moreover, emerging countries benefit from the emerging trends,
having more opportunities to accelerate global knowledge sharing
and promoting their development.

To promote education globalization, nations should
improve the ability to gather talents: first, the policy of
talent introduction should be improved, the restrictions on
student visas should be relaxed, and the allocation of human
resources should be improved to attract outstanding talents.
Second, based on the advantages of local education, we should
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enhance the construction of weak disciplines to promote
“double first-class” education and improve the
attractiveness to international students. Third, we should
establish an international cooperation mechanism, carry
out cooperative education projects, try diversified teaching
methods, and promote the cultivation of international
students.
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