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Abstract—Scientific collaboration networks shape research
dynamics in fields such as Electrical Engineering, where
Brazil’s CNPq productivity grant system constitutes a
central incentive structure. Building on previous analyses
focused on Microelectronics, this study examines collaboration
networks across the broader field of Electrical Engineering,
encompassing seven subareas: Electrical Materials; Electrical,
Magnetic, and Electronic Measurements and Instrumentation;
Electrical, Magnetic, and Electronic Circuits; Power Systems;
Industrial Electronics, Systems, and Electronic Controls;
and Telecommunications. The analysis considers 419 CNPq
productivity grant holders and 18,386 publications. The results
reveal a hierarchical collaboration structure in which higher
grant levels concentrate influence and centrality, while lower
levels remain more peripheral despite active collaboration.
The network exhibits pronounced geographic concentration in
Brazil’s Southeast and South regions, as well as marked gender
disparities. Compared with prior subfield-focused analyses,
Electrical Engineering displays greater thematic heterogeneity
and broader inter-level interaction, while maintaining persistent
structural inequality. Temporal analysis indicates an increase
in average author influence and more compact collaboration
clusters over time. These findings suggest that collaboration
patterns in Electrical Engineering reflect mechanisms of
cumulative advantage associated with hierarchical funding
structures.

Link to graphical and video abstracts, and to code:
https://latamt.ieeer9.org/index.php/transactions/article/view/10313

Index Terms—Scientific collaboration networks, CNPq produc-
tivity grants, collaboration clusters.

I. INTRODUCTION

OLLABORATION networks constitute a mechanism
through which scientific knowledge advances. In fields
characterized by high entry barriers and strong resource de-
pendence, collaborative structures are not a byproduct of
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scientific activity but a strategic response to incentives, funding
mechanisms, and institutional constraints [1], [2]. Network-
based analyses grounded in graph theory help examine how
scientific communities organize themselves and how influence
accumulates. [3]-[5]. In Brazil, the National Council for Scien-
tific and Technological Development (CNPq) administers two
major fellowship programs that support sustained contributions
to Science, Technology, and Innovation (CT&I).

The Research Productivity Fellowship (PQ) and the Tech-
nological Development and Innovative Extension Fellowship
(DT) follow a hierarchical classification structure with three
levels (C, B, and A) for PQ and DT, and a separate Senior
Researcher category (PQ-Sr), as established by Normative
Resolution 12/2024. CNPq also maintains the Lattes platform,
where researchers document publications, collaborations, and
institutional affiliations [6]. Despite the availability of compre-
hensive Lattes data, systematic characterization of fellowship
holders at the level of specific subfields remains limited. This
gap is relevant given CNPq’s recent policy initiatives address-
ing gender equity and funding effectiveness. The centralized
and hierarchical nature of CNPq grants creates conditions
associated with the Matthew Effect, a cumulative advantage
mechanism whereby early success increases the likelihood of
future recognition and network centrality [7], [8]. This funding
structure may therefore influence collaboration patterns and
the distribution of resources among researchers.

The present study extends the investigation reported in [9],
which analyzed collaboration networks within the Microelec-
tronics subarea of Electrical Engineering (EE). In contrast,
this work examines EE as an aggregated field, as defined by
the CAPES and CNPq classification, encompassing multiple
subareas with distinct research practices and collaboration
dynamics. Rather than replicating previous results at a larger
scale, the goal is to examine how hierarchical funding struc-
tures, collaboration networks, and thematic organization inter-
act within a heterogeneous, strategically relevant engineering
domain, thereby providing evidence relevant to ongoing CNPq
policy discussions on fellowship allocation and evaluation
criteria.

EE is examined due to its strategic role in national inno-
vation systems. The field is capital-intensive, requiring costly
laboratories and sustained infrastructure investment, and de-
velops strong industry—academic linkages in high-tech sectors
(e.g., power systems, automotive, electronics) that tend to
be geographically clustered [10]. Rapid technological obso-
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lescence further increases dependence on stable collaborative
arrangements [11]. These characteristics are evident in sectors
such as the automotive industry, where electronic components
account for 30-40% of vehicle costs and vehicles integrate
hundreds of millions of lines of embedded software [12], [13].
Thus, EE serves as a proxy for high-technology development
in the Global South, and Latin America in particular, making
structural inequalities within the field relevant for understand-
ing constraints on innovation capacity and technology transfer.

The analysis focuses on CNPq productivity fellows in EE
as defined by CAPES', covering eight subareas: Electrical
Materials; Electrical, Magnetic, and Electronic Measurements
and Instrumentation; Electrical and Electronic Circuits; Elec-
tric Power Systems; Industrial Electronics; Electronic Systems
and Controls; and Telecommunications. Data extracted from
the Lattes platform comprises 419 fellows and 18,386 publi-
cations.

The study pursues three complementary goals: (i) mapping
co-authorship networks to characterize collaboration patterns
and central actors, (ii) examining their temporal evolution,
and (iii) relating collaboration structures to research topics.
The contribution of this work does not lie in the proposal of
new analytical algorithms, but in the integrated application of
established network and topic modeling methods to describe
how investment structures, collaboration patterns, and thematic
evolution shape research organization and inequality within EE
in Brazil.

The remainder of this paper is structured as follows: Section
II presents a literature review. The methodological procedures
are detailed in Section III. Section IV presents the results and
their analysis. Finally, Section V presents the conclusions and
future prospects.

II. RELATED WORKS

Previous bibliometric and network-based studies have
mapped thematic clusters and collaboration patterns across
engineering domains [3], [14], demonstrating the relevance of
network and topic modeling approaches adopted here.

[15] analyzed interdisciplinary collaborations among PhDs
from eight major areas using 263,264 Lattes curricula and
over 10 million publications. The results showed that 35.2%
of co-authorships cross disciplinary boundaries and 57.6%
of researchers participated in at least one interdisciplinary
collaboration. Engineering demonstrated a 56.4% interdis-
ciplinary rate. While this work reveals broad collaborative
patterns across Brazilian academia, it does not examine the
dynamics within specific engineering subareas or characterize
the institutional profiles of researchers. The present study
addresses these gaps by focusing on EE and incorporating
institutional and productivity variables.

[16] examined how co-authorship networks influence the
productivity of CNPq fellowship holders. Social network
metrics assessed the impact of collaborations on scientific
output, highlighting the structural importance of networks in
performance evaluation. The analysis remained limited to a
single engineering subfield. The current work adopts a similar
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network-based approach, focusing on CNPq recipients, but
expands the scope to encompass all of EE.

[17] used centrality measures (degree, betweenness, close-
ness) alongside Latent Dirichlet Allocation (LDA) to identify
influential researchers and main themes in civil engineering
in Nigeria from 663 Scopus publications spanning 1969-
2018. Betweenness and closeness centrality were positively
associated with citation performance, indicating an active,
collaborative environment within the network. Although this
study provides insights into collaborative networks and emerg-
ing themes, its geographical and disciplinary scope differs
substantially from the present focus. The current work extends
this approach by employing BERTopic, utilizing a larger sam-
ple, and incorporating detailed institutional characterization of
Brazilian researchers.

[18] mapped authorship networks among faculty in gradu-
ate Accounting programs using data from the Lattes Platform.
Analysis of 3,778 publications from 21 programs between
2013 and 2016, using techniques such as degree centrality
and betweenness, revealed a low overall network density;
however, density increased compared to earlier periods. Insti-
tutions such as USP and UFRJ stood out as centers with the
highest connectivity and betweenness. Although it contributes
to understanding collaborative dynamics in accounting, the
study is limited to a single broad area and does not consider
aspects such as interdisciplinarity, international collaborations,
or detailed institutional characterization.

The current investigation extends this framework by exam-
ining CNPq fellowship holders in EE, examining their collab-
orative networks, temporal evolution, and dominant research
topics. This contributes new evidence about the organization
of Brazil’s engineering research community and its alignment
with national funding priorities.

III. MATERIALS AND METHODS

We adopted the Data Science Trajectory (DST) model [19],
which structures the analysis into six phases described in
the following subsections. The methodological contribution
lies in the integrated application of established network met-
rics, influence measures, and topic modeling techniques to a
comprehensive national dataset, enabling a unified analysis
of funding hierarchies, collaboration structures, and thematic
dynamics over time.

A. Domain Understanding

This phase focused on defining the analytical scope,
identifying gaps in existing research, and specifying the
study’s goals. Previous investigations examined Brazilian co-
authorship networks at broad interdisciplinary scales [15] or
within individual engineering subfields [16], whereas a sys-
tematic characterization of CNPq productivity fellows across
all Electrical Engineering subareas remained unexplored.
Based on this context, the study was guided by three goals: (i)
mapping the hierarchical and institutional structure of collab-
oration networks; (ii) characterizing the main research themes
and their distribution across subareas; and (iii) analyzing the
temporal evolution of collaboration patterns within the field.
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The field boundaries followed the CAPES knowledge tree
definition of Electrical Engineering, encompassing seven sub-
areas that define the scope of the analysis. This classification
delimited the sample to researchers working in Electrical
Materials; Electrical, Magnetic, and Electronic Measurements
and Instrumentation; Circuits; Power Systems; Industrial Elec-
tronics and Controls; and Telecommunications. Within this
scope, the methodological design followed the DST model,
integrating network analysis and semantic topic modeling
to examine relational and thematic dimensions of scientific
production.

B. Data Acquisition

Data collection proceeded through multiple filtering stages
using the Lattes platform. An institutional API key enabled
automated access to the complete curriculum vitae in XML
format. A custom Python web crawler collected data for
12,345 researchers holding CNPq productivity fellowships
across all knowledge areas defined by CAPES. Each XML
curriculum contained structured information about the re-
searcher’s academic trajectory. The extraction focused on ten
key attributes that characterize both individual profiles and
collaborative patterns. Personal identifiers included full name
and citation name (the standardized form used in publications).
Institutional affiliation data captured the current workplace and
the doctorate-granting institution. Research profile information
included the declared areas of expertise and a curriculum
overview. Geographic data were collected in the Brazilian
federal state in which the researcher’s institution is located.
Publication records contained complete lists of journal articles
and book chapters, including titles, co-author names, publica-
tion years, and venue information.

The initial dataset of 12,345 researchers underwent filtering
to isolate the EE community. Using each researcher’s declared
areas of expertise, records were matched against the CAPES
knowledge tree structure. Only researchers who listed at least
one of the seven EE subareas as a primary or secondary area of
expertise were retained. This process yielded 419 CNPq pro-
ductivity fellows. From these 419 curricula, publication data
extraction identified 7,891 distinct articles. Each publication
record included the full author list, enabling the construction
of co-authorship relationships. Publication dates ranged from
1979 to 2023, with 80% appearing after 2000.

C. Data Preparation

The raw data comprised an author dataset with 12,345
researchers and a publication dataset with 1,251,807 publica-
tions. Missing values were minimal for core fields; however,
approximately 34% of records lacked current institution in-
formation. The article dataset showed complete coverage for
titles, years, and author lists, although 33% lacked DOI iden-
tifiers. Duplicate detection identified 11,295 exact duplicate
records and 250,141 publications with identical titles. Author
names were normalized using three transformations: conver-
sion to uppercase, removal of leading/trailing whitespace,
and regularization of punctuation. This ensured consistent
formatting across different representations of the same author.
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Publications were processed to identify suitable articles
for network construction. Author lists were split, normalized,
and mapped to researcher identifiers. Three filtering criteria
were applied to ensure network quality: (i) publications must
include at least one CNPq EE fellow to maintain focus on
the target population, (ii) the first author position must be
mapped to a known researcher identifier, ensuring publications
had at least one resolvable author, and (iii) publications
must list multiple authors, as single-author works provide no
collaboration information. These filters reduced the dataset
from 1,251,807 to 18,386 articles and 323 authors suitable
for network construction. The exclusion of 96 fellows from the
final network is a direct result of these topological filters, as re-
searchers without multi-author collaborations involving at least
one other CNPq EE fellow or with unresolvable first-author
identifiers were removed to maintain structural consistency.
For topic modeling, 7,891 publication titles were extracted
directly without preprocessing. This preserved original seman-
tic content and terminology, allowing the transformer-based
embedding model to leverage its multilingual capabilities and
contextual understanding of raw text.

D. Modeling

Two complementary analytical methods were employed to
characterize the research community. Network analysis cap-
tured the structural organization of collaborations, while topic
modeling revealed the thematic content of research output.

1) Co-authorship Network Analysis: The collaboration net-
work was modeled as an undirected, weighted graph using
NetworkX. The analysis also employed the Density Index
(Di,5)), based on the works from [20]-[22], designed to
capture collaboration intensity more accurately than traditional
similarity metrics by accounting for both the mutual depen-
dency between two authors and their total publication volume,
as defined by the equation:

_ 2BP;
(4,9) — Pi +Pj

: ln(countij + 1) (D

where P; represents the percentage of author ¢’s publications
co-authored with j, and count;; is the number of joint pub-
lications. This formulation captures mutual dependency and
productivity while penalizing asymmetric collaborations.

Community detection was performed using the Louvain
algorithm in Gephi to optimize modularity. Network char-
acterization employed three metrics: average degree (highly
connected researchers), modularity (community structure
strength), and PageRank (influential researchers accounting
for indirect connections). Temporal analysis partitioned the
dataset into five-year windows (1995-1999, 2000-2004, 2005-
2009, 2010-2014, 2015-2019, 2020-2023) to track network
evolution.

2) Semantic Topic Modeling: For the semantic analysis of
research content, BERTopic was selected due to its use of
contextualized embeddings that capture semantic relationships
and handle technical terminology effectively. The analytical
pipeline integrated four sequential stages.
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Titles were encoded into 768-dimensional embeddings us-
ing the Multilingual MPNet model> model from Sentence
Transformers, selected for its multilingual support, including
Portuguese. UMAP dimensionality reduction was applied to
project these embeddings into a 5-dimensional space, config-
ured with 11 neighbors, cosine similarity metric, minimum
distance of 0.0, and fixed random state for reproducibility.
Cluster identification employed HDBSCAN with a minimum
cluster size of 25 documents, Euclidean distance metric, and
the excess-of-mass selection method, labeling documents not
fitting dense clusters as outliers.

Topic representations were generated through three comple-
mentary approaches. KeyBERTInspired extracted semantically
relevant terms, while Maximal Marginal Relevance with a
diversity parameter of 0.2 provided balanced coverage. A
locally-hosted OpenHermes 2.5 Mistral-7B® language model
generated concise labels of up to five words. The language
model operated with full GPU offloading and 512-token con-
text window. After the initial generation, topic representations
were refined, and labels underwent post-processing to remove
formatting artifacts. The final model identified 47 distinct
topics plus an outlier category.

E. Evaluation and Deployment

The results were validated using a qualitative grounded-
theory-inspired approach. The inspection was conducted by
three domain experts. To evaluate the model’s output, the
experts inspected the full set of generated topics by ana-
lyzing their representative keywords and the top 10 most
representative publication titles extracted by the BERTopic
algorithm for each cluster. The evaluation criteria focused
on (i) semantic coherence, ensuring the grouped terms and
publications reflected a recognizable and consistent Electrical
Engineering subarea, and (ii) practical relevance to the field’s
current research landscape. This process ensured the model’s
accuracy and interpretability from a practical, expert-driven
perspective.

To ensure reproducibility and accessibility, all research
outputs were organized for deployment. The generated co-
authorship networks, centrality indicators, and semantic topics
were structured in standardized file formats. All developed
scripts and processed data were documented and shared in a
public repository to facilitate replication and further research.
The findings were also disseminated through a scientific
article and technical reports to communicate the results to the
academic community.

IV. RESULTS AND DISCUSSION

The analysis covered 419 profiles of researchers in the broad
field of EE, including its subfields. In total, 18,386 publications
were examined. The analysis of research topics was performed
using the BERTopic model applied to publication titles from
CNPq productivity fellowship recipients. Fig. 1 shows a map
of these topics across the EE subareas in a two-dimensional
projection.
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Fig. 1. Map of research topics in EE identified from publication titles.

Each group of points represents semantically similar docu-
ments, with colors indicating different topics. The map reveals
a diverse thematic structure composed of traditional areas of
EE. Three main domains that stand out are Power Systems
(including topics on transmission line performance and ex-
pansion planning), Control and Automation (covering control
systems and adaptive algorithms), and Telecommunications
& Electronics (encompassing wireless sensor networks and
optical communications).

The analysis highlights the interdisciplinary nature of the
topics through groupings composed of traditional areas of EE.
Areas in Biomedical Engineering (respiratory diseases and
infection treatment), Physics and Space Sciences (Brazilian
gravitational-wave detector), and Environmental Sciences (ge-
ology and nutrient distribution) are identified. This diversity
suggests applications of signal processing, instrumentation,
and sensing techniques in multiple academic fields.

The dynamics of the influence of researchers (PageRank)
and collaboration patterns (connected components) over time
(2010-2022) in the co-authorship network are presented in Fig.
2.

The analysis in Fig. 2a) suggests an inverse relationship be-
tween the two metrics. In periods of fragmentation or reduction
of the largest component (2013-2014 and 2019-2020), there
was an increase in the average influence of researchers. With
the reduction or division of the largest collaborative group,
the average influence of authors increased, especially between
2020 and 2022. This suggests that recent collaborations tend to
occur in smaller groups but may be more focused on prominent
researchers.

Fig. 2b) shows the monitoring of activity volume through
the number of active authors (fellowship recipients with an-
nual publications) and co-authorships (edges in the network).
Both metrics peaked between 2014 and 2016, followed by a
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Fig. 2. Temporal dynamics of the co-authorship network from 2010 to
2022. (a) Network influence and connectivity, comparing the mean
PageRank score with the size of the largest connected component.
(b) Network activity evolution, displaying the annual count of active
authors and co-authorship ties.

consistent decline from 2018 to 2022. This reduction does not
necessarily reflect a genuine decline in scientific output. At
the time of data collection for this study (end of 2024), it is
natural that the records for 2021 and 2022 remain incomplete.

Fig. 3 illustrates the main research topics obtained from
topic modeling of publication titles using BERTopic.
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Fig. 3. Frequency of main research topics.

The figure highlights the predominance of topics 1 (DC con-
verters and power electronics) and O (semiconductor properties
and microelectronics). The presence of specialized topics such
as induction machine control (topic 14), MOSFET devices
and SOI technology (topic 35), and adaptive filtering (topic
16) indicates the depth of research and the existence of
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consolidated groups in specific niches.
Table I shows the five most frequent research topics for each
year in the last four years of the database.

TABLE 1
ANNUAL EVOLUTION OF THE MOST FREQUENT RESEARCH
TopricS
Year Topic (Top 5) Count
0_semiconductors_spectroscopy_silicon 32
1_converters_converter_conversor 13
2019  3_infection_disease_stercoralis 11
6_network_networks_bandwidth 10
18_terapia_reabilitacdo_tratamento 8
0_semiconductors_spectroscopy_silicon 22
2_nonlinearities_nonlinear_stability 10
2020  10_brasileiros_brasileiro_brasileira 8
18_terapia_reabilitacdo_tratamento 8
1_converters_converter_conversor 8
0_semiconductors_spectroscopy_silicon 15
23_gravitacionais_gravitational_observatory 9
2021  10_brasileiros_brasileiro_brasileira 5
18_terapia_reabilitacdo_tratamento 5
19_lightning_voltages_voltage 5
0_semiconductors_spectroscopy_silicon 14
10_brasileiros_brasileiro_brasileira 8
2022  26_pedagdgica_ensino_educacional 7
1_converters_converter_conversor 6
12_planning_maintenance_gerenciamento 5

The table indicates that Topic 0 was the most prevalent
research topic across all years analyzed, suggesting the persis-
tence of core areas within EE. In addition to microelectronics,
power electronics (Topic 1) appears consistently in 2019, 2020,
and 2022, indicating sustained research activity within the
scientific community. This temporal consistency complements
the volume-based results presented above.

The table also reflects the dynamic nature of research trends
through distinct temporal peaks. Topic 23 appears exclusively
in 2021, possibly corresponding to a specific phase of large-
scale research projects or special journal issues. Similarly,
Topic 2 is highlighted only in 2020. These temporal fluctu-
ations illustrate how scientific attention can concentrate on
specific topics during particular periods.

Fig. 4 presents two scatter plots analyzing community
characteristics and topic-specific collaboration patterns across
the analyzed articles.

Fig. 4a shows that most topics, including power electronics
(Topic 1) and microelectronics (Topic 0), are concentrated
between 2.0 and 2.4 authors per article, indicating the pre-
dominance of small research teams typically composed of a
supervisor and one or two collaborators. Topics with higher
average numbers of authors tend to correspond to specialized
research areas requiring broader expertise. The lack of a
direct relationship between publication volume and team size
indicates that high-output research areas tend to maintain lean
collaboration structures.

Fig. 4b reveals a positive relationship between the number
of unique authors and article volume across topics. Power
electronics and microelectronics exhibit the largest research
communities, each comprising more than 40 authors. In
contrast, control systems (Topic 2) display high dispersion,
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An examination of influential researchers by funding level
reveals distinct career trajectories and thematic orientations.
Level 1A researchers typically have long post-PhD careers
and well-established collaborative networks, often linked to
leading Brazilian and international institutions. In contrast,
researchers at levels 1D and 2 generally obtained their PhDs
more recently and tend to focus on emerging research areas,
indicating generational renewal within the field. Fig. 5 illus-
trates these dynamics by showing a subgraph that highlights
the most central researchers at each productivity grant level.

The analysis of the co-authorship network, presented in
Table II, reveals relevant collaboration patterns among CNPq
productivity fellows. Researchers at the highest grant levels,

“https://github.com/gustaph/IEEE-LATAM-Collaboration-Networks-
Brazilian-EE-Researchers

Fig. 5. Collaboration network of the most influential researchers,
grouped by productivity grant level.

such as 1A and 1B, stand out not only due to their stronger
influence, reflected by high PageRank values, but also because
their dense interconnections with other groups suggest a
consolidated collaborative ecosystem in which the experience
of senior researchers contributes to cohesion and leadership in
scientific networks.

Table III reports the number of co-authorship links between
CNPq productivity grant levels, summarizing inter-level col-
laboration patterns across the network.

Levels 1C and 2 exhibit the highest intergroup collaboration
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TABLE 11
MOST INFLUENTIAL RESEARCHERS BY CNPQ PRODUCTIVITY GRANT LEVEL
Grant Level ID  PageRank Main Research Areas Institution PhD Year
47 0.011704 Industrial Electronics; Control Systems; Digital Signal ~ ITA (Brazil) 1993
Processing
1A 113 0.006098 Electric Circuits; Measurements and Instrumentation;  USP (Brazil) 1984
Telecommunications
22 0.006098 Electric Circuits; Electrical Materials INPG (France) 1982
86 0.006098 Not reported Not reported -
141 0.006098 Not reported Not reported -
129 0.011704 Electric Power Systems University of  Missouri-Columbia 1981
(USA)
1B 17 0.006098 Electric Power Systems UNICAMP (Brazil) 1991
92 0.006098 Electric Power Systems UNICAMP (Brazil) 1995
74 0.006098 Industrial Electronics; Control Systems Concordia University (Canada) 1998
90 0.006098 Industrial Electronics; Control Systems; Electric Cir- UFSC (Brazil) 1994
cuits
TABLE III
INTERGROUP COLLABORATION MATRIX OF CNPQ g 100 . | 0@ @ ool Coleboraions
PRODUCTIVITY FELLOWS g opendert i %
o | Exclusive Pairs ® w
= @Lﬂi\,milau,a\,dfpwgl@z ,,,,,
Level 1A 1B IC__ID 2 g ° @ =
1A - 199 1127 330 726 8 P e @
1B 199 - 203 410 712 S w0 i Dependent 250
1C 1127 203 - 543 1363 e
1D 330 410 543 - 1033 R (sl Coleporatons :
5 ow mutual dependence) !
2 726 712 1363 1033 — £ !
< o i

volumes, with Level 1C playing a central intermediary role
through ties to both senior (1A) and early-career (1D and
2) groups. Levels 1D and 2, despite active collaboration,
occupy more peripheral network positions, consistent with the
Matthew Effect, whereby researchers in central positions accu-
mulate visibility and access to resources over time. Within the
CNPq productivity system, higher grant levels are associated
with greater network centrality, while lower levels remain less
visible. This suggests that collaboration alone is insufficient
to alter network position, as centrality is reinforced by prior
recognition and institutional accumulation.

Fig. 6 presents a scatter plot designed to characterize co-
authorship pairs based on mutual dependence. Each point
represents a unique author pair, where the x-axis measures
Author 1’s dependence, defined as the percentage of Author
1’s publications co-authored with Author 2, and the y-axis
represents Author 2’s dependence. Point size and color en-
code the volume of joint publications, distinguishing highly
productive collaborations from sporadic ones. Four quadrants
correspond to distinct collaboration patterns: Casual Collab-
orations, Author 1 Dependency, Author 2 Dependency, and
Exclusive Pairs.

The distribution reveals distinct collaboration patterns.
Large, warm-colored points are concentrated in the “Exclusive
Pairs” quadrant, where mutual dependence exceeds 90%, indi-
cating stable, highly productive partnerships. Asymmetric pat-
terns along the main axes, in which one author exhibits near-
total dependence while the counterpart exhibits considerably
lower dependence, are indicative of mentorship relationships
or collaborations involving specialized expertise. The relative
sparsity of points in the central region suggests that balanced,
moderately interdependent collaborations are less common

o

20 40 60 80 100
Author 1's Dependence on Pair (%)

Fig. 6. Characterization of co-authorship pairs by mutual dependence.

than either highly exclusive or casual connected partnerships.

Table IV lists the ten author pairs with the highest den-
sity index, which captures the balance between collaboration
volume and mutual dependence.

TABLE IV
Topr 10 COLLABORATIONS BY DENSITY INDEX

Author’s 1 ID  Author’s 2 ID D(i, i) Mutual Dependence (%)
48 130 560.95 100.00 / 100.00
82 127 443.68 96.77 / 100.00
105 107 437.97 100.00 / 98.78
7 65 434.87 88.03 / 100.00
59 96 415.80 95.83 / 100.00
110 129 404.34 100.00 / 96.77
84 147 400.73 100.00 / 100.00
8 61 391.20 100.00 / 100.00
2 153 380.67 100.00 / 100.00
12 150 361.09 100.00 / 100.00

The results in Table IV show that the pair (48, 130) exhibits
the highest density index, reflecting both complete mutual
dependence and a large volume of joint publications. The rank-
ing further demonstrates the discriminative capability of the
density index, as it differentiates collaborations with identical
or near-identical mutual dependence but distinct publication
volumes. For instance, pairs such as (84, 147) and (8, 61),
despite exhibiting 100% mutual dependence, present lower
density values due to reduced collaboration volume.

The collaborative networks and thematic structures de-
scribed previously reveal the organizational patterns of re-
search activity in the field. However, the distribution of re-
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searchers within these networks is uneven across geographic
and demographic dimensions. To examine geographic dispar-
ities in the distribution of CNPq productivity grant holders, a
spatial analysis (Fig. 7) was conducted using institutional data
for researchers with available affiliation information, yielding
a sample of 279 scholars.

n
2.29% o 80+
(6) ’

1(95%%’ 55-80
2.9% ) 3055
(8)
10-30
Region
Midwest
North 21.5% o
Northeast

South
B Southeast

~(60) -

Fig. 7. Researchers’ geographical distribution.

The pronounced geographic concentration of researchers in
the South and Southeast regions raises the question of whether
network inequality primarily reflects the spatial distribution of
institutional excellence. These regions host a disproportionate
number of Brazil’s most established universities, graduate pro-
grams, and research infrastructure, which historically attract
greater funding, talent, and international collaboration. As
a result, geographic centrality may be less a consequence
of individual productivity than of long-standing institutional
accumulation processes.

However, the observed concentration also suggests a self-
reinforcing dynamic in which institutions in these regions ben-
efit from greater visibility and denser collaboration networks,
which, in turn, increase their capacity to attract resources and
researchers. This feedback loop may limit the integration of
researchers from less represented regions, even when collab-
oration links exist, thereby perpetuating regional disparities
within the national research system.

A complementary gender-based analysis (Fig. 8) was per-
formed to characterize representation within the field of EE.

119

ven | N N --
Women - 34

Not specified 13

Fig. 8. Gender distribution of CNPq productivity grant holders.

Fig. 8 shows a marked predominance of male researchers,
who represent 88.78% of the sample, compared with 8.11%
female researchers and 3.10% with not specified gender. This
distribution highlights the persistence of gender imbalance in

engineering and related STEM fields. The underrepresentation
of women at higher CNPq levels mirrors findings for the En-
gineering macro-area, where male PQ fellows concentrate in
upper categories and few women reach top levels, suggesting
a glass ceiling within the productivity grant system. Such
patterns may result from cumulative disadvantages in access
to leadership roles, mentorship networks, and recognition
mechanisms that are linked to visibility within collaboration
structures. Gender inequality thus appears not only as a de-
mographic imbalance but as a structural feature of hierarchical
evaluation systems in Brazilian science.

When considered alongside the co-authorship network anal-
ysis, these demographic and geographic patterns help contex-
tualize the observed peripheral positions of Levels 1D and 2.
Despite their relatively high number of collaborations, par-
ticularly with Level 1C, these groups exhibit lower scientific
centrality, suggesting constraints on integration and visibility
within the research network.

Research activity and scientific centrality are unevenly dis-
tributed across geographic regions, with a strong concentration
in the South and Southeast. Gender representation is similarly
asymmetric, with a marked predominance of male researchers
across all productivity levels.

In addition, hierarchical stratification within the CNPq pro-
ductivity system is reflected in network structure, as senior
levels concentrate influence and centrality, while early-career
groups, despite active collaboration, tend to occupy more
peripheral positions. These findings indicate that inequality
is not limited to a single dimension but is an inherent,
multidimensional feature of the observed research networks.

V. CONCLUSIONS

This study examined co-authorship networks, thematic or-
ganization, and inequality patterns among CNPq productivity
fellows in Electrical Engineering in Brazil. The results indicate
that collaboration networks are hierarchically structured, with
higher grant levels concentrating influence and centrality,
while lower levels occupy peripheral positions—consistent
with cumulative advantage mechanisms in hierarchical funding
systems.

Thematic analysis identified research topics spanning mi-
croelectronics, power electronics, telecommunications, control
systems, and instrumentation, as well as applications in the
health, environmental sciences, and education. Temporal anal-
ysis reveals both recurrent themes and year-specific variations
reflecting shifts in research focus.

Geographic and demographic analyses indicate uneven dis-
tributions within the network. Research activity and centrality
are concentrated in Brazil’s South and Southeast regions, while
gender representation shows lower participation of women,
particularly at higher grant tiers. These patterns indicate that
inequality in Electrical Engineering manifests across hierar-
chical, geographic, and demographic dimensions.

Methodologically, this work contributes by integrating
network analysis, topic modeling, temporal dynamics, and
funding-level information to examine how collaboration struc-
tures, funding hierarchies, and thematic organization intersect
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within a strategic field of Brazilian science and technology.
Future research using comparative datasets, extended temporal
windows, and additional institutional indicators may comple-
ment these findings.
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