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This paper presents an analysis of scienti¯c collaboration through graph theory, based on a

previous study focused on the collaborative work of researchers within an institution. This

proposal also exposes the representation of inter-institutional collaboration of research groups,
combining graph theory and data mining. The state of the art relates the concepts of scienti¯c

production, digital repositories, interoperability between repositories, the law of Open Science in

Mexico, the theory of graphs and their use in previous studies for the analysis of scienti¯c

collaboration, and the de¯nition of research groups in Mexico. Furthermore, the methodology
uses elements of knowledge extraction for data mining, involving recovery, processing and

visualization. Results present the collaboration status at the Universidad Aut�onoma de

Yucat�an, internally and externally, by the research groups. Internally, 22 groups were found
and each researcher collaborates with six other professors within the institution, on average. In

addition, consolidated research groups are those with the highest level of production and col-

laboration at national and international level, compared to the groups with less consolidation.

Keywords: Scienti¯c collaboration; graph theory; digital repositories; external collaboration;

research groups; interinstitutional collaboration.

1. Introduction

Nowadays, a common activity in scienti¯c production is working in groups (collab-

orative work). Scienti¯c collaborations involve, among other things, the de¯nition of

tasks and the reasons to collaborate, number of constant collaborators and personal
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factors.1 On a personal level, researchers collaborate to gain experience, visibility and

prestige in the scienti¯c community; to progress scienti¯cally in a more agile way;

solve bigger problems; receive incentives by diverse evaluating institutions,2 among

other factors. It is established that various institutions grant economic resources and

recognition to scienti¯c work in order to motivate their researchers and generate

more projects that solve problems in society through science, technology and inno-

vation. Several studies involve more than one area of knowledge, so scienti¯c colla-

borations become a necessity.

In addition, part of the prestige of a university or research center implies the

relationship, collaboration and dissemination of work with experts from external

institutions, whether national or foreign. Institutions that are responsible for eval-

uating group or individual production, in addition to conventional indicators (im-

pact factor, citation index, among others) consider collaboration with external

institutions important. Some evaluating instances in Mexico are the National System

of Researchers (SNI) and the Program for Professional Teacher Development

(PRODEP).

In Mexico, academic bodies ful¯ll the function of research groups, in addition to

teaching work. The importance of each academic body is measured by the degree of

consolidation, which is granted according to the production and collaboration of the

academic body.

Several studies have been carried out on the state of scienti¯c collaboration in

countries or geographical areas, for example, the scienti¯c production in Peru was

analyzed based on the journals indexed by the Institute for Scienti¯c Information

(ISI) considering a ¯xed interval of time of 10 years (2000–2009), highlighting the

characteristics of the production about Medicine (that is, a speci¯c area), the pro-

duction for geographical areas in Peru and collaborations with national and foreign

institutions, both represented with graphs but the graph theory is not applied.3

On the other hand, the scienti¯c production in Latin America was analyzed using

as source the Web of Science considering a ¯xed interval of time (1975–2004).3,4

Some of the main results in the work are: (1) the high levels of collaboration in small

countries, (2) the e®ort intra-regional is focused on researchers about Biology,

Medicine, Physics and Chemistry and (3) the collaboration between Brazil and

Argentina is focused on Medicine and Astronomy. The work is based on Web of

Science, a recognized worldwide database. This allows evaluating scienti¯c produc-

tion that has a high level of relevance in the scienti¯c community. The authors did

not use a graph to represent the collaborations.

There are studies that have been carried out on the state of scienti¯c collaboration

in speci¯c institutions. There is a work-focused in the Universidad Nacional

Aut�onoma de M�exico (UNAM) using as source Web of Science and a ¯xed interval of

time (1999–2002).5 Some of the main results are: (1) 60% of the collaborations in

Science involved only national institutions, (2) 87% of the collaborations in Social

Sciences, Arts and Humanities involved only national institutions, (3) papers pub-

lished in collaboration with foreign institutions were most cited than the published
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with only national collaborations and (4) there were signi¯cant levels of collabora-

tion between the UNAM research centers and local institutions, represented with a

weighted graph. Using the graph theory can be a useful tool to describe and analyze

those collaborations.

On the other hand, there is a work about the scienti¯c production in the Uni-

versidad Aut�onoma de Yucat�an (UADY).6 The work extracted the production from

Scopus and Web of Science in a ¯xed interval of time (1900–2016). The aim was the

growth of the production along the years and the scienti¯c impact using quantitative

bibliometric theory. It highlights that part of the increasing production in the UADY

is due to its researchers that are in the SNI. The work presents two graphs: one for

the researchers and the topics of the two ¯rst works associated with UADY, and

another one to represent the ¯rst internal collaborations in UADY. This work only

uses the graphs for representation, but it does not use the quantitative elements of

graph theory.

A previous stage of the project proposes a methodology for the extraction, ¯l-

tering and storage of scienti¯c production, and through graph theory, it is possible to

identify members of an institution (university or research center) that have mutually

collaborated.7

The previous work and this paper presents a model for the extraction of scienti¯c

production from two data sources: Scopus, a database of abstracts and citations of

high-impact publications, considering the problem of the existence of more than one

pro¯le for the same investigator; and some open access repositories that o®er the

metadata of their stored products through the OAI-PMH protocol. This model

retrieves and analyzes the scienti¯c production of one speci¯c institution.

It is necessary to have in a database some information about the researchers: full

name of the researcher, faculty or area of knowledge where they belong and the

institution that granted them the last academic degree.

For the extraction from Scopus, this model uses the provided APIs by this re-

pository: Author Searching-Scopus (its aim is to search interfaces associated with

Scopus-based Author pro¯les8) and Scopus Search API (its aim is to search infor-

mation about Scopus abstracts9). Both require parameters to execute the queries and

their values are taken from a database of researchers. The procedure is described as

follows:

(1) Search in the Scopus searcher (online) the institution whose scienti¯c production

will be retrieved.

(2) In the a±liation pro¯le, retrieve the A±liation ID associated with the institu-

tion.

(3) If the institution has more than one a±liation pro¯le, retrieve all the A±liation

IDs for the institution.

(4) Through the Author Searching-Scopus, the model retrieves all the author pro¯les

of every researcher using as parameters the full name and the A±liation IDs for

the institution. If this query did not return any result, try again using as
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parameters the full name and the institution that granted them the last academic

degree.

(5) The model analyzes all the author pro¯les. All of them contains information as

the name, the a±liation, the area of knowledge and the identi¯er in Scopus

(Scopus ID). For every author pro¯le, if the a±liation matches with the insti-

tution to evaluate or with the institution that granted them the last academic

degree and the area of knowledge matches with the faculty of the researcher, then

the information of the author pro¯le must be stored in a database. It is necessary

to consider the Scopus IDs for the next steps.

(6) To retrieving the scienti¯c production associated with the researchers, the model

creates a query through the Scopus Search API using as parameters the Scopus

IDs of every researcher and the A±liation ID of the institution which will be

evaluated. In this way, the production made by a researcher as a member of

another institution is excluded. The model stores in a database the metadata of

every publication.

For the extraction from open access repositories, the model retrieves using the OAI-

PMH protocol for interoperability. The procedure is described as follows:

(1) With every URL provider of every repository, retrieve all the metadata associ-

ated with the scienti¯c production through the verb listRecords.

(2) In every record the model analyzes the metadata that describe the authorship

information.

(3) If some values of those metadata contain the full name of at least one researcher

of the institution which will be evaluated, the model stores in a database the

metadata of the publication.

For the realization of this work some previous ones were carried out, such as the

analysis of the indicators for the scienti¯c production,10 of the libraries for the

metadata harvesting through the interoperability11 and the proposal of an indicators

system for the relevance of scienti¯c production.12

In the previous work, the model for retrieving, storing and processing the meta-

data associated with the researchers and scienti¯c production of a speci¯c institution

was presented.7 From the recovered data an ordinary combination of two elements

(where each element is a researcher) was proposed to retrieve the scienti¯c produc-

tion associated with those two researchers. Considering the number of participations

of every couple it was possible to represent the scienti¯c collaboration through a

graph, where every researcher is a node and their collaborations are the vertex. The

graph is undirected and weighted. The weight of every vertex depends on the number

of collaborations between the two researchers. And using the graph theory the state

of the collaboration was described.

In this work, based on the stored and recovered academic production, the state of

collaboration of professors from a Mexican public university is represented, in
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addition to the representation of the joint work between the research groups

established in the same university, adding analysis, from the perspective of data

mining, to ¯nd patterns in these collaborations (national and international). Attri-

butes that describe the production and collaboration of research groups were dis-

cretized, and through association rules, relationships between behaviors of academic

bodies are described.

In this section, the introduction to the proposal of this work was presented.

Section 2 exposes the related topics for the understanding of the concepts used later.

Section 3 proposes the use of knowledge extraction techniques for data mining (col-

lection, processing and visualization). Section 4 explains the graphs obtained about

scienti¯c collaboration in the UADY (Mexico), and its analysis using statistical con-

cepts of graph theory and data mining. Finally, Sec. 6 explains the conclusions.

2. State of the Art

Scienti¯c publications have been accessible thanks to the existence of repositories of

digital resources. A digital repository is a platform that is responsible for storing,

preserving and being a tool for disseminating content, and can be classi¯ed as follows:

as Open Educational Resources (OER), as OER references, as OpenCourseware

initiatives and as a system of learning management.13 A characteristic of repositories

is the interoperability, which is the ability to connect with other ones for the ex-

change and use of their data14 using specialized protocols, such as OAI-PMH,

OpenAIRE and IMS. Among the variety of publications found in the digital repos-

itories are the original papers, the case reports, the technical notes and the pictorial

essays.15

In Mexico, there is the Open Science Law, which establishes that anyone has free

access, without making a prior payment, to the publications, products of research

works stored in digital repositories of Mexican institutions and made with public

resources in order to increase the accessibility of scienti¯c research for all Mexicans

through the maximum dissemination of scienti¯c knowledge, technology and

innovation.16

Regarding to publications, they can be indexed, in other words, they can be

located in a database that is responsible for collecting citations, even through peri-

odic evaluations. These databases uses quantitative statistical indicators (h-index,

impact factor, index i10) to measure scienti¯c productivity and with them determine

the quality of publications, generally scienti¯c journals and serialized books. Inter-

nationally, the main citation databases are two: Scopus and Web of Science. How-

ever, Google Scholar has been considered as another alternative due to the use of its

own indicators for scienti¯c productivity. There are studies that compare char-

acteristics, strengths and weaknesses of citation databases, using as reference Scopus,

Web of Science and Google Scholar.17–20

Something that characterizes contemporary science (from the mid-twentieth

century) is the constant collaboration with scientists of homogeneous and
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heterogeneous knowledge, being an advantage to complement concepts and conceive

new ones. This group of people who collaborate is known as a scienti¯c community,

and they do not necessarily have to know each other face to face. Media such as

telephone and Internet help the interaction between them, facilitating collaborative

work.21

In Mexico, academic bodies ful¯ll the function of a research group, in addition to

teaching work. In general, it is a group of professors-researchers who have one or

several lines of study in common, and aim at both the application and generation of

new knowledge as a result of collaborative work.22 Academic bodies are classi¯ed into

three types, and each has speci¯c characteristics for state universities, technological

institutes or technological universities. The characteristics presented below corre-

spond to state universities, because the case of study in this work applies to academic

bodies from a university of this type.

. Consolidated Academic Body (CAC). It is the maximum possible level that can be

assigned to an academic body. Its characteristics are as follows: (1) the majority of

its members have the maximum academic quali¯cation to generate or apply

knowledge in an innovative and independent way (PhD); (2) they have extensive

experience in teaching and human resources training; (3) most of its members have

the desirable pro¯le de¯ned by PRODEP; (4) high commitment to the institution

through collaboration and scienti¯c and academic production; (5) demonstrate an

intense academic activity in congresses, seminars, workshops, etc. on a regular and

frequent basis and (6) maintain an intense participation in academic exchange

networks.

. Academic Body in Consolidation (CAEC). It is the intermediate level that can be

assigned to an academic body. It is characterized by: (1) more than a half of its

members have a doctorate; (2) have academic products with recognition due to

their good quality, related to consolidated research lines; (3) at least one-third of

their members have the desirable pro¯le de¯ned by PRODEP; (4) participate

jointly in innovative research or application lines of knowledge; (5) have extensive

experience in teaching and training human resources and (6) collaborate with

other academic bodies.

. Academic Body in Training (CAEF). It refers to academic bodies that are in an

early stage of development, created from one or more lines of research. Its char-

acteristics are as follows: (1) members are identi¯ed; (2) at least half of members

have the desirable pro¯le de¯ned by PRODEP; (3) research lines are clearly de-

¯ned and (4) higher level related external academic bodies have been identi¯ed in

order to establish collaboration.

A useful tool for representing the relation between two elements among a set of

several of them is the theory of graphs. In Computer Science, a graph is a mathe-

matical abstraction, represented as

G ¼ ðV ;EÞ; ð1Þ
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where V is a set of vertices and E is a set of edges. In this way, graphs are useful for

modeling relations between elements and allows the resolution of problems associ-

ated with their context and requires a less expensive process than even linear pro-

gramming, and to represent them, there are three options: graphic representation,

representation with an adjacent matrix, and the dictionary of the graph.23 The

graphic representation of a graph consists of presenting each vertex as a point or

circle, generally. Although they can be represented by other ¯gures, depending on

what you want to graph. The relations between the vertices are represented by

connecting lines.

There is a wide variety of tools for the construction and visualization of graphs,

and among them are NodeXL, Gephi and Google Fusion Tables.

With regard to the representation of scienti¯c collaborations with graph theory,

either directly or indirectly, several studies have been carried out considering geo-

graphical areas, disciplines, various databases and time windows. Below are some

that have obtained relevant results that con¯rm known facts and also discover

speci¯c cases.

There is a study about the relationship between researchers in Biomedicine,

Theoretical Physics, High Energy Physics and Computer Science in the period

from 1995 to 1999 using MEDLINE databases, Los Alamos e-Print Archive,

SPIRES and NCSTRL.24 This research focuses on the calculation of the distance

between authors, but considers important to include the number of collaborators of

the scientists, the number of papers they produce, and the probability that two

collaborators of a speci¯c researcher have collaborated. This study ¯nds that it is

very likely that the formation of scienti¯c communities originates thanks to the

existence of a common collaborator between two researchers, except in Biomedi-

cine. In addition, this study rea±rms the high degree of collaboration among

Physics researchers and emphasizes that the representation of collaboration is not

speci¯c to Computer Science, but began with Mathematics with the concept of

Erd€os number.

In another study25 the authors conducted a study of the analysis of scienti¯c

collaboration between the Consejo Superior de Investigaciones Cientí¯cas (CSIC)

and Latin America focused on various disciplines. They got a dataset from ISI (today

Thomson Scienti¯c) and Web of Science considering the publications between 2001

and 2004. In spite of having apparent disadvantages related to the language and the

low representation of non-Anglo-Saxon magazines, the authors considered the reg-

isters of the names of the researchers. Based on the classi¯cation of journals in

disciplines and areas, indicators of activity, impact and collaboration were obtained.

According to the results obtained, Physics and Chemistry are the areas with the

highest degree of collaboration, and the Social Sciences have little research work as a

whole.

On the other hand, there is a method for the identi¯cation and analysis of the

scienti¯c collaboration applicable to universities and research centers in general,

considering the need to facilitate the location of the most productive and relevant
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areas and disciplines for the allocation of economic resources destined to projects.26

They used the Scopus database. The methodology used is to obtain information from

publications, authors and collaborative networks to analyze with elements of graph

theory such as the number of nodes, density of the graph, among others.

There is a study about the interaction and the degree of collaboration between

di®erent disciplines through the analysis of social networks from a database provided

by the O±ce of Scienti¯c and Technology Information of the US Department of

Energy using statistical techniques based on the graph theory.27 The study considers

the social network as a set of nodes (people, institutions and countries) and edges

(relationships between nodes). They created two di®erent networks, one for the

publications between 1980 and 2000 and other one for 2000–2012. Among the rele-

vant results are a strong collaboration between nuclear, energy and environmental

disciplines, reinforcing the 2013 trend of studies on renewable energies.

Other studies analyze the importance of collaborative publications. An example is

the analysis of publications made on a speci¯c topic (smoking) in 79 countries,28 and

one of the most relevant results is that much of the production in United Kingdom,

United States and Germany has been performed in inter-institutional collaboration.

Another result is the high degree of international collaboration on the issue among

United States, United Kingdom and France. However, the most interesting result is

that all countries, without exception, received more citations in publications made in

inter-institutional or international collaboration, than in those made without any

collaboration.

Another study focused on universities of Cuba, a±rms that in most of Cuban

universities, international collaboration is a determining element to achieve a good

performance concerning citations.29

On the other hand, a publication presents results of a study on visualization of

international collaboration networks in order to identify the most international as-

pect of research from scienti¯c publications, considering Spain, Brazil, Mexico and

Cuba. It concludes that Spain is the country that collaborates with most of the

countries, and the one that has more visibility in its publications due to the col-

laborative work internationally.30

3. Methodology

Figure 1 presents the architecture of the system, which proposes a solution for the

retrieval of information about the researchers with their corresponding scienti¯c

production stored in digital repositories. The architecture has been designed in

layers, facilitating the °ow of information between them.

Each layer has a speci¯c function. The layer of the user interface presents the

information obtained by the services from the obtained data. The service layer

consists of modules that work together for representing the results through the user

interface and among its functions are the calculation of indicators, location of col-

laborations between researchers, SPARQL queries and SWRL rules for the
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ontological model of scienti¯c production. The layer of information storage schemas

contains the tools that are responsible for storing the information of the researchers

and their production as OWL, an ontological and non-relational database. The in-

formation acquisition manager layer contains request engines that connect directly

to di®erent repositories, either through the verbs of the protocol for metadata har-

vesting OAI-PMH or some API, if the repository requires it. Finally, the datasources

are the repositories that contain information about the academic and scienti¯c

production of the researchers.

To apply the proposed methodology, it is necessary to have two databases: (1) for

researchers, considering their name, institution that granted his/her last academic

degree and the area of knowledge in which they work, and (2) for academic bodies,

considering their name, the names of the members, the degree of consolidation and

the research line. It is necessary that members of academic bodies belong to the

institution whose production will be recovered, in order to maintain the consistency

Fig. 1. System architecture.
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of the information. Making use of the methodology of data mining, speci¯cally in

e-learning applications, we propose one of knowledge extraction, which consists of

the following stages31:

. Data collection. It is divided into three parts.

(1) Researchers. Once the researchers and their related data are identi¯ed, their

identi¯cations of authors in Scopus are collected. A query is made to

Scopus through its author search API,8 which is an HTTP request, using

as parameters the ¯rst and the last name of the researcher, and the institution

to which he or she belongs or that granted him or her the last academic

degree. The result obtained is in XML format by default, or JSON. From

all the results obtained, the following are considered as identi¯cations of

authors in Scopus of a speci¯c researcher if they meet any of the following

conditions:

— If the researcher has two last names: the ¯rst name and surnames returned

by the query completely match those registered in the database; or the

initials of the ¯rst name or at least the ¯rst one match the initials of the ¯rst

name of the researcher registered in the database, and at least the ¯rst

surname matches the one registered in the database.

— If the researcher has only one last name: the ¯rst name and the last name

returned by the query completely match those registered in the database;

or the initials of the name or at least the ¯rst one match the initials of the

name of the researcher registered in the database, and the surname coin-

cides with the one registered in the database.

In addition, each record must match the area of knowledge registered in the

database, as well as the institution in which he or she belongs, or at least the

institution that granted the last academic degree. Each result is stored in

the document-oriented database.

(2) Publications. For the publications indexed by Scopus, a query is made through

its publication search API,9 with an HTTP request using as parameters the

Scopus keys related to each researcher and the Scopus keys associated with the

institution where the researchers belongs. Among the publications to be re-

trieved are papers, book chapters, books and conference papers. Each result is

stored in the document-oriented database. If the publication is already reg-

istered in the database, because it belongs to more than one researcher of the

institution, the ¯eld of authors is updated. For publications not indexed by

Scopus and available in open access repositories that use the protocol

OAI-PMH, metadata are harvested with the verb ListRecords.

(3) Collaborating Institutions. From the production recovered from Scopus, in-

formation on each external institution that has participated in the publica-

tions is consulted through Scopus' API. For each institution, database stores

its name, the city and the country of residence.
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. Data processing. It is divided into two parts.

(1) Researchers. To make the graph, it is necessary to represent each researcher

by a vertex, and the collaborations with edges. Ordinary combinations of two

elements are required because the elements of each subset are considered in-

dependently of the arrangement. Then, the number of combinations is de¯ned

by the following equation:

Cn;2 ¼
n!

2!ðn� 2Þ! ; ð2Þ

where n is the number of researchers belonging to the institution. Once the

groups of combinations are obtained, a query is made to the database for

retrieving the number of publications in which the researchers involved have

collaborated. The results are generated as a table, where the ¯rst and second

columns contain the names of the authors of the collaboration and the third

column contains the number of publications in common.

(2) Academic bodies. In order to recover the production associated with an

academic body, it is necessary to ¯nd all the ordinary combinations of two

elements among all the members of the group, since a publication belongs to

an academic body if at least two of its members are authors. A list containing

the information of all publications of the academic body will be created.

Subsequently, publications associated with the pair in question are consulted

in the scienti¯c production database. If the product is not in the list, its

associated information is attached (title, authors and Scopus keys of the in-

stitution of the authors).

After recovering and storing the production of each academic body, a list is

created to store other institutions that have collaborated with all academic

bodies of the origin institution. Name, city and country of the external in-

stitution are retrieved through Scopus API. Each author of a publication

belonging to an external institution is considered as an external collaboration.

That is, if in one publication two authors belong to the same university in

the United States, the academic body has two collaborations with that in-

stitution. The number of collaborations of each academic body with each

external institution is counted. Results are generated as a table, where the ¯rst

column contains the name of the academic body, the second column contains

the name of the external institution and the third column, the tally of

collaborations.

. Visualization. With the resulting data from previous stages, the table is imported

into some tool for the visualization of graphs and carry out the subsequent analysis

of the scienti¯c collaboration in the evaluated institution. The graph ful¯lls the

following characteristics:

— Graph GðV ;EÞ
— V is a set of vertices
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— E is a set of edges

— G is an undirected graph

— G is a weighted graph, and the weights of the edges are the number of pub-

lications in common between the researchers represented by the vertices

Two graphs will be created: the ¯rst will represent the internal collaboration, and

the second, the external collaborations of academic bodies.

. Description of the collaboration of academic bodies. Data mining techniques were

used to get a better description of the degree of external collaboration of the

institution's research groups. Mining process included the following stages:

(1) Data is grouped according to similar characteristics.32 This stage analyzes

data stored in the database of academic bodies (number of members, number

of external collaborations at national and international level, total production

and number of collaborations), and according to classi¯cation rules, a collec-

tion of physical or abstract objects grouped in classes is displayed.

(2) Linguistic description of the groups. After grouping the data, centroid values

of the attributes are analyzed and compared for each group. Based on these

results, the names of each group are assigned, describing the degree of col-

laboration (high, medium and low).

(3) Assignment of linguistic labels of attributes. For each attribute, categories

(high, medium and low) are created, depending on the maximum, average and

minimum levels.

(4) Association Rules. Once labels are assigned for both groups and attributes,

this stage locates rules that associate concepts from di®erent attributes in

academic bodies' database. Association and correlation are used to search for a

frequent element from a large amount of information.33,34

4. Results

A strategy to validate our proposal consisted in the case study of the UADY, the

most important institution of higher education in the southeast of Mexico. This

institution has 15 faculties distributed in ¯ve campuses and one research center

focused on two areas of study. As of June 1, 2018, the UADY had 78 academic bodies

and 824 full-time professors. Table 1 shows the distribution of professors and aca-

demic bodies on each campus.

For the data collection phase of the methodology, we had a database of

researchers from the UADY, located in Mexico, which has the names of researchers,

faculty or area of knowledge where they belong, and the institution that granted

them the last academic degree.

In addition, a database of academic bodies was obtained, which includes the name

of the group, names of members, degree of consolidation and the research line. Scopus

was consulted to retrieve the identi¯cations of authors in this platform, because a

researcher can have multiple pro¯les in Scopus. In order to collect the information
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about the indexed publications, the query was made in Scopus using the identi¯-

cations of authors and the two identi¯cations of institution of UADY as parameters,

since only the publications belonging to this institution are considered. For collecting

the production not indexed by Scopus, the information was retrieved from various

open access repositories that use the protocol for metadata harvesting OAI-PMH.

These tasks were executed by Python scripts.

For each publication listed in Scopus, title, authors and Scopus keys of the

institutions to which authors belong were retrieved and stored. From publications

available in open access repositories, only titles and names of authors were retrieved

and stored. From UADY professors, 2740 publications were found in Scopus and 118

in open access repositories stored in the national repository of Mexico.35

Results about the collaboration of researchers and academic bodies are described

in Secs. 4.1 and 4.2.

4.1. Collaboration of full-time professors

Hypothesis: The scienti¯c collaborations of the researchers of an institution can be

retrieved and represented with a graph, and with the graph theory elements, those

collaborations can be described.

All retrieved data is stored in the MongoDB database. Through another Python

script, the data processing phase generates the table of scienti¯c collaborations,

which is exported in .xslx format to be later processed by the Google visualization

tool, Fusion Tables, which it is useful for clarity in the representation of the graph

with a considerable number of vertices. To avoid that the ¯le has unnecessary in-

formation, such as the relations between researchers who do not collaborate, these

were omitted. Gephi was used to obtain the statistics of the graph.

In this paper, 824 teachers were evaluated, of which, 390 have publications in

collaboration with other professors of the same institution. Each teacher is repre-

sented by a vertex. There are 1181 edges, that represent relations of scienti¯c col-

laboration. The obtained graph is presented in Fig. 2, where the size of the vertices is

determined by the degree (number of collaborators) and degree with weights

(number of collaborations). The largest vertex is the Researcher 670 with 14 colla-

borators and 174 collaborations (Fig. 3).

Table 1. Full-time professors and academic bodies by campus.

Campus Full-time professors Academic bodies

Architecture, habitat, art and design 34 3

Biological and agricultural sciences 84 10

Health sciences 159 13

Exact sciences and engineering 232 21
Social, economic, administrative and humanities sciences 226 21

Regional research center ��� social sciences unit 28 3

Regional research center ��� biomedical sciences unit 61 7
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In addition, the obtained graph has 22 subgraphs that show collaborations that

have no relation among them, or, collaboration groups, represented in Fig. 2 with

numbers in red. Using the Gephi tool, interesting results were obtained about the

collaboration, using elements of graph theory, which can be observed in Table 2.

Fig. 2. Graph of representation of the scienti¯c collaboration in UADY.

Fig. 3. The researcher with the highest degree of collaboration in UADY.
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The interesting results of the representation of the collaboration through the

graph and its statistics are the following:

. On average, each researcher has collaborated with six researchers belonging to the

UADY, considering the average degree of the graph.

. On average, each researcher has 18 collaborations, considering the average

weighted degree.

. The graph density is very low, being 0.016 a value very close to 0. If the graph was

completely connected, the graph density would be 1. But, considering that the

UADY has 390 collaborating researchers, it is very di±cult for each researcher to

collaborate with each other.

. In the UADY there are 22 collaboration groups.

Additionally, external collaborations with other universities and research centers in

Mexico and with other countries were located from the researchers who collaborate

internally at UADY. Table 3 shows the Mexican institutions with which UADY has

the highest degree of collaboration, and Table 4 shows the countries with which there

is greater collaboration. There are 499 Mexican institutions and 89 countries that

had collaborated with UADY.

4.2. Collaboration of academic bodies

Hypothesis: The scienti¯c collaborations of the academic bodies with national and

foreign institutions can be retrieved and represented with a graph, and the elements

of graph theory can describe the collaborations by the level of consolidation of those

groups while the association rules allow reporting the behavior in the collaborations.

Table 2. Characteristics and statistics

of the obtained graph.

Characteristic Value

Number of vertices 390

Number of edges 1181

Average degree 6.056
Average weighted degree 18.4

Graph density 0.016

Table 3. Ranking of Mexican institutions with the greatest collaboration

with UADY.

Rank Institution Collaborations

1 Universidad Aut�onoma de M�exico 375

2 Centro de Investigaci�on Cientí¯ca de Yucat�an 253
3 CINVESTAV Unidad M�erida 226

4 Centro de Investigaci�on y de Estudios Avanzados 208

5 Instituto Polit�ecnico Nacional 175
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Previously, all the scienti¯c production of UADY professors found in Scopus has

been stored. Since part of these publications belong to the academic bodies, a Python

script was created to identify them, considering, for each academic body, all the

ordinary combinations of two body members. For each pair of members their joint

publications are located. Titles, authors and Scopus keys of each institution for each

author are considered. Due to periodic external evaluations to academic bodies

(approximately every three years), production from 2016 to November 2019 was

considered. As a result, 313 publications associated to the academic bodies of UADY

were found.

Moreover, tally of academic bodies in UADY with production, classi¯ed by its

consolidation degree, are as follows:

. In Training: 1

. In Consolidation: 18

. Consolidated: 29

Academic bodies that collaborated with external institutions are as follows:

. In Training: 0

. In Consolidation: 14

. Consolidated: 26

Academic bodies that collaborated with Mexican institutions are as follows:

. In Training: 0

. In Consolidation: 13

. Consolidated: 25

Academic bodies that collaborated with foreign institutions are as follows:

. In Training: 0

. In Consolidation: 8

. Consolidated: 18

In addition, only academic bodies in consolidation and consolidated were considered

since they are experienced research groups. Of these academic bodies, only those who

Table 4. Ranking of countries with the

greatest collaboration with UADY.

Rank Country Collaborations

1 United States 1144

2 Spain 306

3 France 213
4 United Kingdom 206

5 Germany 160
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registered at least one inter-institutional collaboration were analyzed. We worked

with 41 academic bodies, 26 consolidated and 15 in consolidation.

Then, names, cities and countries of each external institution that has collabo-

rated with the academic bodies were consulted through the Scopus API, using the

Scopus key of each institution as a query parameter.

A Python script generated a .csv ¯le with the following structure: ¯rst column

contains the name of the academic body, second column, the name of the collabo-

rating external institution, and third column, the weight of the connection between

both nodes, that is, the number of collaborations.

This ¯le was used to generate a graph through the Gephi tool. In Fig. 4, each node

represents an academic body or a collaborating external institution. Orange nodes

represent consolidated academic bodies, blue ones to in consolidating academic

bodies, purple ones to Mexican institutions, and green ones to foreign institutions.

Size of each node depends on vertex degree, that is, the larger the number of

collaborators of the academic body or of the institution, the bigger is its size.

Fig. 4. Graph of representation of the scienti¯c collaboration of the research groups in the UADY.
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The thickness of each edge depends on the weight or number of collaborations be-

tween the academic body and the external institution.

In the graph, there are 264 nodes, of which: 15 are academic bodies in consoli-

dation, 26 are consolidated academic bodies, 126 are Mexican institutions and 96 are

foreign institutions. Among all the academic bodies considered, the CAC26 has the

greatest degree, since it has collaborated with 41 external institutions through 89

collaborations (Fig. 5).

Similar to the analysis of collaboration of professors in UADY through graph

theory, it is possible to analyze the state of collaboration of academic bodies with

other institutions (Table 5).

Observed results about collaboration of academic bodies include the following:

. On average, each academic body in consolidation has collaborated with four ex-

ternal institutions, and has made an average of nine collaborations with external

institutions.

Fig. 5. The research group with the highest degree of collaboration in UADY.
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. On average, each consolidated academic body has collaborated with nine external

institutions, and has made an average of 21 collaborations with external institu-

tions.

. Regarding to 126 Mexican external institutions that have collaborated with aca-

demic bodies, each one has collaborated on average with one academic body, three

times with that academic body between 2016 and 2019.

. Regarding to 96 foreign institutions that have collaborated with academic bodies,

each one has collaborated on average with one academic body, twice with that

body between 2016 and 2019.

On the other hand, a .csv ¯le was generated containing the degree of consolidation of

each academic body, the number of members, the number of collaborations with

national institutions, the number of collaborations with foreign institutions, the total

production from 2016 to November 2019 and the total external collaborations. This

¯le is used to analyze the collaboration of academic bodies, which is re°ected in the

graph presented in Fig. 4.

From this ¯le, academic bodies were classi¯ed into groups, or clusters, and

through the G-Means algorithm (which is a variant of KMeans), three types were

obtained: less collaborative, moderately collaborative and most collaborative.

Grouping was based on attributes: number of members, total number of collabora-

tions (national and foreign) and total production.

Data values were discretized considering the minimum, maximum and average

(Table 6) in order to get a better representation in grouping results. Each attribute is

linguistically represented with the tags low, medium and high.

The resulting distribution of academic bodies in clustered groups is:

. Less collaborative: 26 bodies (15 consolidated and 11 in consolidation)

. Moderately collaborative: nine bodies (¯ve consolidated and four in consolidation)

. Most collaborative: six consolidated bodies

Table 5. Statistics for the characteristics in the graph of collaboration

of academic bodies.

Characteristic Value

Consolidated academic bodies 26

Academic bodies in consolidation 15

National collaborating institutions 126
Foreign collaborating institutions 96

Average degree of academic bodies in consolidation 4.2

Weighted average degree of academic bodies in consolidation 9.57
Average degree of consolidated academic bodies 9.8

Weighted average degree of consolidated academic bodies 21.07

Average degree of national collaborating institutions 1.65

Weighted average degree of national collaborating institutions 3.86
Average degree of foreign collaborating institutions 1.08

Weighted average degree of foreign collaborating institutions 2.17
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Based on discretized variables and the three level of collaboration for academic

bodies, association rules with consequent (the name of the group) and without

consequent.

Association rules found with consequent are as follows:

. If an academic body has low national collaborations, then it is less collaborative.

. If an academic body has low collaborations in general, then it is less collaborative.

. If an academic body has low members, then it is less collaborative.

Table 6. Minimum, maximum and average values for academic

bodies attributes.

Attribute Minimum Maximum Average

Number of members 3 11 5.02

National collaborations 0 61 12.02

Foreign collaborations 0 55 5.12
Total production 1 26 7.80

Total external collaborations 1 89 17.14

Table 7. Top ranked Mexican institutions that collaborate with academic bodies in UADY.

Rank Institution Collaborations

1 Universidad Nacional Aut�onoma de M�exico 36
2 CINVESTAV Unidad M�erida 26

2 Universidad Aut�onoma de San Luis Potosí 26

3 Universidad Ju�arez Aut�onoma de Tabasco 20

4 El Colegio de la Frontera Sur 17
5 Instituto Nacional de Investigaciones Forestales, Agrícolas y Pecuarias 16

Table 8. Top ranked foreign institutions that collaborate with academic bodies

in UADY.

Rank Institution Country Collaborations

1 Martin-Universität Halle-Wittenberg Germany 10

2 Mohammed V University in Rabat Moroco 8
2 University of California, Davis United States 8

3 University of California, Riverside United States 7

3 Universidad de Murcia Spain 7
4 Colorado State University United States 6

4 Arizona State University United States 6

4 Universidad Nacional del Litoral Argentina 6

4 University of California, Santa Cruz United States 6
4 University of California, Irvine United States 6

5 Baylor College of Medicine United States 5

5 The University of British Columbia Canada 5

5 CSIC ��� Instituto de la Grasa (IG) Spain 5
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Association rules found without consequent are as follows:

. If an academic body has low collaborations in general, then it has low foreign

collaborations.

. If an academic body has high collaborations in general, then it has high national

collaborations.

. If an academic body has low collaborations in general, then it has low national

collaborations.

Based on the same information, Table 7 presents the ¯ve top ranked Mexican

institutions and Table 8 the ¯ve top ranked foreign institutions that have collabo-

rated with UADY.

5. Discussion of Results

Results explain the scienti¯c collaboration in the UADY, which consists of 390

researchers, and each one collaborates on average with six researchers from the same

institution (obtained with the average degree of the graph) and has 18 collaborations

in his or her publications (obtained with the average weighted degree of the graph).

From the results obtained in the ¯rst experiment, it can be concluded that the

¯rst hypothesis has been demonstrated and therefore it can be stated that: The

scienti¯c collaborations of the researchers of an institution can be retrieved and

represented with a graph, and with the graph theory elements, those collaborations

can be described.

From the collaboration of academic bodies with external institutions, it is ob-

served that only 48 of 78 academic bodies analyzed made at least one indexed

publication in Scopus (61.5%). Consolidated academic bodies generate the majority

of the production, with 60% of the academic bodies being productive in the period

considered. Academic bodies in consolidation generate 37.5% of the production. In

contrast, academic bodies in training only generate 2.08.

Most of the consolidated academic bodies collaborated with some external insti-

tution, with 89% of the bodies making some publications. However, only one of 26

consolidated academic bodies did not collaborate with a Mexican institution, while

18 of them made publications with some foreign institution.

Regarding academic bodies in consolidation, based on 18 bodies that generated

publications, 14 (77%) did so in collaboration with an external institution, and only

one of these 14 bodies did not published in collaboration with any Mexican insti-

tution. Respecting international collaboration, only eight academic bodies (44.44%)

published in collaboration with an foreign institution.

Theory of graphs con¯rmed the latter ¯ndings, since it showed that the average

grade for consolidated academic bodies is 9, and this value is greater than 4, the

average grade for academic bodies in consolidation. In consequence, consolidated

academic bodies collaborate with more external institutions.
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Similarly, consolidated academic bodies have a weighted average grade greater

than the weighted average grade of academic bodies in consolidation (21 and 9,

respectively). Consequently, a consolidated academic body has collaborated more

than a body in consolidation.

This information is visualized in the graph, where a greater presence of consoli-

dated academic bodies is observed (the size of the node represents its degree, that is,

the number of collaborators). However, an academic body in consolidation that

collaborates with external institutions can easily aspire to increase its degree of

consolidation, since it is one of the factors considered by PRODEP to grant the

distinction.

On the other hand, grouping allows knowing the degree of collaborations of an

academic body. This is a useful tool for decision making, even for future work, as a

system of recommendations for scienti¯c collaboration.

Regarding association rules, the majority focuses on the less collaborative aca-

demic bodies, since most of them are in this category, thus reinforcing the correlation

that exists between the number of collaborations and the group to which it belongs,

according to the classi¯cation. However, a found rule indicates that if an academic

body has high level of collaborations, it has a high level of national collaborations.

This rule con¯rms the fact that most of the collaborations are made with Mexican

institutions.

An interesting result is that both the UNAM and the CINVESTAV Unit M�erida

have a high collaboration with UADY, since both are top ranked institutions with

greatest number of collaborations.

From the results obtained in the second experiment, it can be concluded that the

second hypothesis has been demonstrated and therefore it can be stated that: The

scienti¯c collaborations of the academic bodies with national and foreign institutions

can be retrieved and represented with a graph, and the elements of graph theory can

describe the collaborations by the level of consolidation of those groups while the

association rules allow reporting the behavior in the collaborations.

6. Conclusions

This paper presented a detailed analysis of scienti¯c collaboration of academic bodies

in an institution based on the theory of graphs applied in a previous study, which

focused solely on identifying the status of collaboration within an institution. In this

extended work, collaboration of research groups at the UADY with other institu-

tions, whether Mexican or foreign, was studied and characterized.

Proposed methodology used knowledge extraction techniques in order to generate

internal (among members within an institution) and external (for academic bodies)

collaboration graphs, and data mining techniques (clustering and association rules)

to complement collaboration analysis of research groups with national and foreign

institutions.
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Proposal was validated through the analysis of the status of collaboration of

professors and academic bodies at the UADY. A relevant result was that members of

the university are organized in 22 collaboration groups; each professor collaborates

with six other professors and have worked 18 times together, on average.

In addition, of the 41 research groups of UADY analyzed, those with the highest

degree of consolidation are the ones that have made the most amount of publications

and are also the ones that have established the greatest number of collaborations

with national and foreign institutions. Consolidated academic bodies have worked

with nine external institutions on average, while academic bodies in consolidation

have done so with four, on average.

Using data mining allowed ¯nding behavioral patterns of UADYs research

groups. These groups were classi¯ed in three levels: most collaborative, moderately

collaborative and less collaborative, the latter being the one that contains the most of

instances. Association rules mainly highlight the dependence of national collabora-

tions in order to classify an academic body as one of the most collaborative, rein-

forcing a previously found result which indicates that most of the collaborations

made by academic bodies are with Mexican institutions.
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