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Featured Application: Application of main conclusions when developing a complexity indicator
for giving information about air traffic.

Abstract: Air traffic complexity is an indicator that allows air traffic controllers to understand
the airspace situation. Controllers need support tools to reduce their workload. For this reason,
complexity is a parameter that is being studied more and more, as it makes it possible to know a large
amount of information about air traffic. In this article, we perform a bibliometric analysis in the field
of air traffic complexity. Through Web of Science (WoS), a collection of complexity-related articles
from 2001 to 2022 is compiled. Subsequently, the bibliometric analysis itself is performed. Then, a
summary of five main contributions is presented, identifying the strengths and weaknesses of the
contributions, and thus the topic. The results of the bibliometric analysis show that future air traffic
complexity indicators should consider aircraft trajectories but also take into account other aspects,
such as regulations. In addition, future complexity indicators should introduce artificial intelligence
predictions to foresee areas of conflict in airspace but taking into account the main limitations, such as
uncertainty of the air traffic trajectories. This study helps in the study of complexity due to being able
to know previous studies in a summarised form and being able to draw conclusions on future lines.

Keywords: complexity; bibliometric analysis; air traffic management; research; air traffic

1. Introduction

The Air Traffic Management (ATM) system organises a large network of airports and
a large volume of airspace to help thousands of flights operate safely and efficiently day to
day [1]. But the ATM system is currently facing certain difficulties. The ever-increasing
traffic demand is saturating the ATM system [2]. EUROCONTROL predicts that the
demand for flights in 2035 will be 14.4 million movements, which is 1.5 times the number
of operations documented in 2012 [3]. This increase causes the existing balance between
ATM service capacity and demand for operations to break down, as there is not sufficient
capacity to handle all operations. This traffic growth will have negative consequences, such
as airspace congestion, delays, or increased fuel consumption [4], and this situation will
worsen in the coming years. This increase in complexity will also lead to an increase in the
workload of Air Traffic Controllers (ATCOs) [5] because of their direct relationship. For
these reasons, complexity is critical for operational safety and will limit Air Traffic Control
(ATC) system capacity [6].

Because of these negative consequences, the assessment of and reduction in air traffic
complexity is a topic that is attracting a great deal of interest from researchers around the
world [7,8]. It follows that early identification of traffic complexity can help to increase
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ATC system capacity [9]. For this reason, studies on this topic are based on the definition
of a complexity indicator [10] or to assess the complexity in the airspace [11]. Therefore,
knowledge of the complexity of air traffic will be associated with better management of
both human and technological resources by the ATC system [12].

Despite much work on the study of complexity, no consensus has been reached
on the definition of complexity [13]. Measuring complexity is very challenging due to,
among other reasons, the selection of factors that affect complexity. Since these factors
are very varied but highly correlated with each other, their selection is very difficult [14].
Therefore, arriving at a single indicator of complexity is very challenging. At present,
air navigation service providers remain reliant on the subjective assessment of ATCOs
as the most prominent technique for measuring air traffic complexity, despite the fact
that many studies have focused on the research of new complexity indicators based
on objective parameters [15]. However, there is also a tendency to create indicators
that objectively measure the workload of air traffic controllers, taking into account air
traffic parameters [15].

Complexity describes air traffic situations. For this reason, the knowledge of com-
plexity can give much information to the air traffic controllers. By knowing complexity,
they will have information about the structure of air traffic, which could help in providing
separation to aircraft, helping efficiency and safety in air traffic management.

Complexity is a variable that depends on many parameters. These parameters can be
airspace structure, weather conditions, space weather conditions, wars, and technological
factors, among others. From the operational point of view, an analysis of the operational
variables that influence complexity is shown in [16]. These variables include the number
of aircraft in the airspace, the number of aircraft per flight level, and daily occupancy.
Regarding the structure of airspace, the number of flows is also a parameter taken into
account in this analysis. In addition, war conflicts also affect complexity by affecting air
traffic. In [17], it is analysed how the airspace bans resulting from the Russo-Ukrainian
war affect traffic. Specifically, by modifying trajectories, areas of complexity are generated
for ATCOs as they have a traffic structure with which they are not familiar. One factor
that is widely related to complexity is weather. Uncertainty in weather, and the effects on
air traffic structuring (regulations, delays, economic costs [18], . . .), make adverse weather
conditions related to complexity. In [19], a model is developed to predict trajectories under
adverse weather conditions. Advances like this would allow ATC to predict air traffic
structure, and therefore to better understand air traffic complexity. Another area related to
complexity is the systems used for Communication, Navigation, and Surveillance (CNS).
As these systems advance technologically (i.e., the introduction of Automatic Dependent
Surveillance–Broadcast (ADS-B) systems), a higher degree of security is achieved by fa-
cilitating the labour of ATCOs [20]. As the performance of CNS systems increases, the
complexity of the airspace will be reduced.

In addition to air traffic complexity being a topic of interest, the fundamental objective
of Air Traffic Management (ATM) is to reduce complexity. To this end, some of the measures
that the ATM are considering are as follows:

- Advances in CNS systems. This allows for the optimization of air traffic structure.
Several studies, such as [21], develop systems that try to optimise traffic through CNS
systems. This would result in reduced complexity as air traffic is more structured and
easier to control.

- Development of technical and/or procedural enablers for ATCOs to control airspace
more easily and with technological support tools.

- Development of complexity indicators. Being able to measure and/or predict com-
plexity will allow ATCOs to better understand and act on conflict areas, thereby
reducing complexity.

- Other factors discussed above, such as weather or war, are unpredictable. Even so,
research is being carried out to reduce this uncertainty and mitigate the adverse effects
on complexity.
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After this analysis, the conclusion is that air traffic complexity is a variable highly
considered in ATM. Seeing that this topic is of great interest and that the advances made
may be of great interest to air traffic management, it has been decided to carry out a
bibliometric analysis to summarise the contributions in this field. Bibliometric analysis
refers to the quantitative analysis of bibliometric material related to a research area, a
specific topic, or a journal [22,23]. Bibliometric analysis is a technique that has been applied
to different disciplines, such as medicine [24], finance [25], and even social media [26].
In aviation, bibliometric analysis is also a widely used technique. Bibliometric analyses
have been carried out on topics such as airport service quality [27], the evolution of the
different technological areas in aviation [28], or the aviation situation in the aftermath of
the COVID-19 pandemic [29].

Being such a widespread and flexible tool, it is considered the best way to make
a comprehensive study of the concept of complexity in aviation and the main contribu-
tions made in this regard. Therefore, this paper aims to analyse the main publications
in the Web of Science and to find relationships between them. Another objective of this
paper is to summarise and group the main contributions to deepen the definition of air
traffic complexity.

To this end, Section 2 describes the methodology used to carry out the study. Section 3
carries out the bibliometric analysis of the selected publications, and Section 4 analyses
the contributions of the main publications on this topic. Finally, Section 5 presents the
conclusions of the study.

2. Materials and Methods

The analysis of the references related to the complexity of air traffic has been carried
out employing a bibliometric analysis. Following the structure of the relevant bibliometric
analysis within the ATM [30], this study has been carried out with three fundamental
objectives in mind.

1. Identify the main contributions to the field of air traffic complexity.
2. Map the ‘intellectual structure’ of the topic using co-citation and co-author analysis.
3. Analyse the relationships between the different articles to identify areas of interest

and to better understand how research on this topic is evolving. Specifically, during
this process, the following research questions will be addressed:

• Is the study of air traffic complexity really relevant?
• Which authors have published the most papers regarding the topic of air traffic

complexity?
• What have been the key issues studied related to air traffic complexity?
• What are the main solutions proposed by academia to the complexity problem?
• What are the weaknesses and strengths of the main complexity indicators?

These questions, together with the objectives set, will guide the development of the
bibliometric analysis. To answer these questions, a study was carried out based on the
methodology of [31]. For this purpose, the steps followed in this paper are as follows, and
are represented schematically in Figure 1.
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1. The first step is data collection and filtering of non-targeted articles. In this case, a
search for the topics ‘Air Traffic complexity’ and ‘Airspace complexity’ was made. In
this case, only the Web of Science (WoS) repository was used (Clarivate, London, UK),
with a further manual filtering of the articles found to only study relevant articles.

2. Once the data have been filtered, a preliminary analysis is carried out. This analysis
aims to answer the question “Is the study of the complexity of air traffic really rele-
vant?”. To achieve this, we studied how relevance in the topic has evolved over time
in terms of the number of publications and citations.

3. A co-authorship and co-citation analysis is carried out. With these analyses, it is also
expected to be able to identify which are the most prominent papers dealing with
the complexity of aerospace. The question “Which authors have studied air traffic
complexity?” will be answered. A co-authorship analysis by organisations will also
be carried out to find out in a structured way where the knowledge on this topic
is located.

4. In addition, an analysis of the keywords will be carried out. This analysis aims to
detect the main areas of interest within the topic of complexity in aerospace in the
hope of finding common lines of research among the papers analysed. Therefore, this
analysis is carried out to answer the question “What are the key topics studied related
to the complexity of aerospace?”.

5. Once the previous analyses have been carried out, the main contributions on the topic
can be identified and compared with each other in a more detailed way, being able
to answer, “What are the main solutions proposed by academia to the problem of
complexity?”. This last study will be interesting as it will allow readers to have a
detailed idea of what the main interests of the industry are on this topic, and what the
solutions proposed by authors are to the problems of the industry related to this topic.
It will also try to collect possible strengths and weaknesses of the complexity indicators.
This will allow us to answer the question “What are the strengths and weaknesses of
the main complexity indicators?” and to give guidance for the realisation of future
complexity indicators.

This process of bibliometric analysis is presented schematically in Figure 1, relating the
steps of the methodology to the fulfilment of the objectives set out in this paper. Figure 1
also relates the steps of the methodology to the research questions posed.
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Once a clear structure of the analysis is in place, each of the steps in this methodology
will be detailed.

2.1. Data Collection

The first step in this bibliometric analysis is data collection. In this case, a search
was undertaken in WoS with the topics “Air Traffic Complexity” and “Airspace Complex-
ity”. Following the references [29,32], in which aviation-related bibliometric analyses are
carried out, it was decided to carry out a filter from 2001 onwards. Of these, a total of
1200 documents were found. A manual filter was then carried out by reading the abstracts
and keywords of the articles to select those that were really related to the topic intended.
Of the total, 142 articles were selected for bibliometric analysis.

2.2. Preliminary Analysis of Publications

The first part of the analysis corresponds to a preliminary study. This serves to answer
the first research question and to justify the interest of the research community in the
complexity of aerospace, and therefore to justify the interest in carrying out a bibliometric
analysis of it. To this end, we studied the publications per year, the citations per year,
and the distribution of references according to the WoS category and according to the
journal/conference to which they belong.

2.3. Co-Citation and Co-Author Analysis

Once the data collection and preliminary analysis have been conducted, it is time
to perform the bibliometric analysis itself. Within the bibliometric analysis, there are
two main techniques: performance analysis, which is based on the study of components’
contributions to an investigation of a given field; and science mapping, which is based on
relationships between the research constituents of a field of interest [33].

Coupling and co-citation analysis are the two main techniques of performance analysis,
and historiographic mapping of the literature is also possible [34]. The relevance of the
citation study lies in the fact that the most cited texts are usually those that make the
greatest contribution to a field of research [35]. For this reason, it was decided to perform a
study of co-citations with the aim of being able to see which contributions are interesting
within the topic of study. In addition, a co-authors analysis was made, presenting the
names of the authors and the different organisations and countries to which they belong, to
form the ‘intellectual structure’ of the topic [36]. This intellectual structure is interesting
because it provides insight into the different clusters of organisations engaged in research
on this topic. This analysis can be very representative, and the intellectual structure can be
mapped visually and quickly and can answer the second research question posed.

2.4. Keywords Analysis

A co-word analysis was also conducted as part of the science mapping. This keyword
analysis will make it possible to condense the most important themes within the analysed
publications [37], and to identify the most relevant lines of research in general and at
present. Specifically, the third research question can be resolved with this analysis.

Together, these three analyses will make it possible to meet the objectives set out at the
beginning of the methodology. Specifically, following different bibliometric analyses [38,39],
it was determined that the best tool for the three analyses is VOSviewer from Leiden
University (Leiden, The Netherlands, v1.6.18.0), which was selected for this paper.

2.5. Analysis of Key Contributions

Part of the aim of the above analyses is to highlight the papers that have made the
greatest contribution to the area of study of air traffic complexity, thus answering the fourth
research question. These papers will be the references for present and future researchers
who wish to explore deeper into this topic. Therefore, in this bibliometric analysis, these
references are also treated specifically and in detail. Concretely, based on the number of
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citations and the relationships of their authors with others, the five most relevant references
are chosen.

Once it has been determined which references are the most relevant, a study was car-
ried out on them, taking into account three fundamental aspects of each of the
articles analysed:

• Contribution of the document: In this section, the contribution that each of the ref-
erences will make to the topic will be presented in summary form. This will be a
summary of the main theme of each of the documents. With this, readers will be able
to identify the topics addressed by the authors and which are the lines of research that
are the reference of the topic of study.

• Advantages of the methodology: Along with the contribution of each of the papers, it
is interesting to know what advantages each author’s approach presents. This section
will help the reader to understand why the particular papers have been so relevant
and are considered references for other researchers on this topic.

• Limitations of the methodology: Although they are the best-known papers on com-
plexity in aerospace, the identified papers will also have limitations that need to be
improved. This analysis is particularly interesting because the limitations can help to
uncover possible lines of future research within the topic studied.

With the first part of the analysis, the analysed reference is presented, answering the
fourth research question. But, the analysis of advantages and limitations allow one to give
a further dimension to the study. Thanks to the answer to the last research question, it
will be possible to make recommendations for the creation of future complexity indicators,
giving an additional usefulness to this bibliometric analysis.

Once the analysis has been completed for each of the five most important references, a
comparison will be made to study the main contributions in a summarised and schematic
way. It is hoped that this comparison will allow us to see points in common between the
different articles, and divergences between them. This comparison may also help to identify
future lines of research in the definition of complexity in aerospace.

3. Bibliometric Analysis

After having developed the bibliometric analysis methodology, the use case is devel-
oped. A bibliometric analysis of 142 articles extracted from the Core Collection of the Web
of Science is carried out. As mentioned above, the VOSviewer tool was used to carry out
this bibliometric analysis. This tool was used because of the large number of possibilities
it offers for bibliometric analysis. VOSviewer is capable of creating visualisation maps,
author maps, or keyword maps [38], but density maps can also be represented with this
tool [40]. This flexibility allows for a complete bibliometric analysis that is tailored to the
needs of the problem being analysed.

Next, the analysis itself is performed. To carry this out, firstly, a preliminary analysis
of the selected sample is conducted. Subsequently, co-citation and keyword analyses
are performed, and, finally, the main contributions to the topic are studied in terms of
everything analysed previously.

3.1. Preliminary Analysis of Publications

Before starting with the analysis of co-citations, it is necessary to know the main
features of the articles to be analysed. To achieve this, a preliminary analysis of the set
of articles to be studied is performed. This preliminary analysis is carried out to check
whether this topic is really interesting; thus, the result of this analysis will be the answer to
the question “Is the study of air traffic complexity really relevant?” To carry out the study
of the interest of complexity, the first subjects to study are the number of articles published
and the number of citations per year. Figure 2 shows this first analysis. The publications
are shown in grey, together with their trend from 2001 to 2022. The number of citations is
also shown in blue, subject to the secondary axis.
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Figure 2. Publications and citations related to air traffic complexity from 2001 to 2022.

Figure 2 shows how the number of publications and citations has grown overall since
2001. It has gone from publishing fewer than 2 articles per year until 2004 to publishing
more than 10 articles in 2021 and 2022 related to this topic based only on the WoS repository.
Moreover, the trend is to increase this number in the following years. Specifically, this trend
has been stable since 2001, except in the period 2009–2014, where there is a sudden increase
in publications. From this moment, the slope of the trend of publications is lower, although
increasing until 2022. As for the number of citations, this has also increased in general
and much more in absolute value. Specifically, more than 150 citations are reached in
2021 and 2022.

It can be deduced from the citation curve that interest in the topic is high and has
increased in recent years. This trend lags slightly behind that of the number of publications,
which is logical as these papers cannot be cited until they are published and disseminated
among the scientific community. Despite being a very specific topic within the aeronautics
industry, and currently publishing around 10 papers per year, the number of citations
to these is much higher. Specifically, the number of citations is more than 10 times per
publication. This is a very large number and it is estimated that these papers are very well
received in the general industry and that they are cited in articles dealing with other topics.

Figure 2 shows that the complexity of aerospace is indeed a topic that is attracting
a great deal of interest, especially in recent years. In addition, the graph of the number
of publications related to the WoS categories is presented. The publications studied are
divided into 45 different categories. However, Figure 3 shows only the 10 categories with
the most publications.
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Below is a list of acronyms for all the categories used in Figure 3 for a better under-
standing of the figure.

• Trans. (Transport);
• Eng. (Engineering);
• Aut. (Automation);
• Sys. (Systems);
• AI (Artificial Intelligence);
• O.R.M. (Operation Research Management).

It can be seen from Figure 3 that the most common category is “Engineering Aerospace”.
This is logical, as the problem of complexity in aerospace is an aerospace problem. A total
of 42 publications (30% of the total) are included in this topic. The topic “Engineering
Electrical Electronic” gathers 36 publications (25%); this is because a large part of the
solutions proposed in the papers to solve this problem are related to this field. The third
most common topic is “Transportation Science Technology”, with 28 publications (19%).
This is also logical. On the other hand, it is interesting to note that “Computer Science
Artificial Intelligence” only has eight publications in the whole period studied. Artificial
Intelligence (AI)-based solutions are gaining importance in recent years, and the complexity
of aerospace is benefiting from the advances that AI brings [16,41]. It is therefore curious
that the number of articles is not higher, although the number of publications related to AI
and aerospace complexity will certainly increase in the future.

In addition to the publications by the WoS category, the number of publications by jour-
nals or conferences is also presented in this preliminary analysis. This analysis (Figure 4)
complements the previous analysis by category by allowing us to localise the interest in
this topic. There are many conferences and journals interested in this topic, reaching up to
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113 different fields. But, in Figure 4, the 15 journals or conferences with the most contribu-
tions have been represented.
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In this case, most of the publications related to air traffic complexity belong to the
“IEEE AIAA Digital Avionics System Conference” (1). In total, 19 publications belong to
this conference. Another conference that also shows great interest in this topic is the “IEEE
Conference on Decision and Control” (2), with six contributions. Among the journals with
the most publications in this topic, the “Journal of Air Transport Management” (3), with
eight publications; “Aerospace” (4), with five publications; and “IEEE Transactions on
Intelligent Transportation Systems” (5), with five publications, stand out.

This preliminary analysis has attempted to demonstrate the growing interest in the
engineering industry, and especially in the aerospace industry, in solving the problem of
complexity in aerospace. Therefore, through this analysis, it has been possible to answer
the following question:

Is the study of air traffic complexity really relevant?

The answer is as follows: more and more papers related to complexity are published in
different journals and conferences, and citations to publications on this topic have grown in
recent years, along with the number of publications. This makes the topic interesting, and
interesting to study and perform a bibliometric analysis on it. In addition, air navigation
system providers are interested in complexity indicators to measure the workload of air
traffic controllers [15]. Therefore, it can be said that both academia and industry are
interested in air traffic complexity.

Once this analysis is performed, the performance analysis within the bibliometric
analysis begins. This will focus on the analysis of co-citations and co-authorship to help to
identify the main contributions to the sector.
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3.2. Performance Analysis

We previously observed that the topic of air traffic complexity is gaining popularity
because of the rising number of publications and citations. Therefore, the need for this
bibliometric analysis is justified.

First of all, a performance analysis of all the analysed documents will be carried out.
To achieve this, it is important to detect the authorship of the articles, and then to carry out
an analysis of their citations.

The objective of this performance analysis is to identify the main authors on the topic
of air traffic complexity. In doing so, we hope to answer the question “Which authors have
published the most papers regarding the topic of air traffic complexity?”.

The first step of the performance analysis is the identification of authors. The identifica-
tion of the most influential authors will be carried out through the Total Link Strength (TLS)
obtained from VOSviewer, the number of publications, and the number of citations [39].
According to these three criteria, the 10 most influential authors are shown in Table 1.

Table 1. Most influential authors ordered by total link strength.

Author Publications Citations Total Link Strength

Cao, Xianbin 5 45 11
Jun, Chen 3 21 8

Du, Wenbo 3 21 8
Wang, Hongyong 6 39 8
Delahaye, Daniel 7 23 7

Zhu, Xi 3 33 7
Prandini, Maria 5 94 6
Wen, Ruiying 3 30 6
Mulder, Max 3 4 6

Van Paassen, Rene 2 4 6

Authors with a total link strength of 9, but only 2 publications and no citations, have
been omitted from this table. These authors are Cabrall, Christopher; Homola, Jeffrey;
Martin, Lynne; Mercer, Joey; and Morey, Susan. These authors have not been considered as
influential, despite their TLS, as they have no citations for their publications.

In this case, the main authors have been identified. The next step is to know the
co-authorship network. This network will reveal how the authors relate to each other in
order to develop the articles. Thanks to this analysis, it will be possible to know where the
knowledge in this topic is focused. Figure 5 shows the main co-authorship cluster, and
Figure 6 shows the complete network co-authorship. In both cases, the figures are formed
by authors who have published more than one article.
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It can be seen in Figure 5 that the main cluster is formed by two of the main authors
identified, specifically, two nodes of this cluster are Daniel Delahaye and Maria Prandini.
The cluster has a total of 12 authors, highlighting those 2 main authors. Figure 6 shows
how other main authors, such as Xianbin Cao or Hongyong Wang, are in different clusters,
although these clusters do not have as much total weight. A total of 68 authors have been
identified, divided into 22 different clusters.

But, in addition to understanding the authors’ relationships, it is also necessary to
identify the organisations and countries where the knowledge is located [42]. In this case,
the main organisations in which the knowledge on complexity in aerospace is structured are
identified. This information is presented in Figure 7. All organisations that have published
more than one article are presented in this figure, as well as the relationships between them.
A total of 37 different organisations have been identified, organised into 17 clusters. Also,
29 different links between the different organisations have been identified. In addition,
for a more accurate localisation of knowledge, Table 2 shows the five main organisations
identified according to the documents published, the number of citations, and the TLS.
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Table 2. Most influential organisations ordered by total link strength.

Author Publications Citations Total Link Strength

Civil Aviation University China 12 56 7
Delft University Technology 7 79 7

Beihang University 6 45 6
Queen Mary University London 4 13 6

University of Chinese Academy of Sciences 3 21 6

Below is a list of acronyms for all the categories used in Figure 7 for a better under-
standing of the figure.

• Univ. (University);
• Aviat. (Aviation);
• Politecn. (Polytechnic);
• MIT. (Massachusetts Institute of Technology);
• ATM (Air Traffic Management);
• Res. (Research);
• Dev. (Development);
• Ctr. (Centre);
• Inst. (Institute);
• Technol. (Technology);
• Tech. (Technical);
• Corp (Corporation);
• NASA (National Aeronautics and Space Administration).
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It can be seen from Figure 7 that, except for Delft University, the rest of the main
organisations are related through the blue and red clusters. This cluster is therefore the
main cluster of organisations. Specifically, this cluster is made up of 14 links between
10 different organisations and with a TLS of 21.

Finally, as part of this performance analysis, the analysis of joint appointments is
presented. This analysis is a fundamental part of the performance analysis. Co-citation
analysis explores the underlying data architecture of publications. Co-citations indicate
that a paper or a document appears in the list of references of different papers. Co-citation
analyses are used to discover the most outstanding research groups in a given topic, as they
will be the most important items in a co-citation network [43]. In Figure 8, the network of
author co-citations is shown. We have added the filter that authors have to be cited at least
10 times in order to appear in the network, thus representing very influential authors.
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This figure shows the network of co-citations of the authors. Within the different
nodes, the five main authors are Delahaye, D.; Kopardekar, P.; Gianazza, D.; Prandini, M.
and Sridhar, B. Of these authors, only Daniel Delahaye and Maria Prandini are present in
Table 1 in the list of most influential authors.

Following this analysis, the objective of mapping the intellectual structure in the
analysed topic is fulfilled, and the following question can be answered:

Which authors have published the most papers regarding the topic of air traffic complexity?

The answer is as follows: insightfully, the main contributors to the development of
the concept of complexity in aerospace, after performance analysis, could be Xianbin Cao,
Chen Jun, Hongyong Wang, Daniel Delahaye, and Maria Prandini. Therefore, in order to
identify the main contributions to the topic, a first filter is made, refining the search to only
these authors.
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Once the authors who have contributed the most have been identified, the next step in
identifying the main contributions is to find out which topics have been most studied. To
achieve this, the following keyword analysis is carried out.

3.3. Science Mapping

The last analysis prior to the identification of relevant contributions is the science
mapping analysis. This analysis is carried out with the aim of identifying recurrent topics
in publications related to air traffic complexity. With this, the question “What have been
the key issues studied related to air traffic complexity?” can be answered.

By combining the topics that are considered relevant, together with the information
and conclusions obtained from the performance analysis, it is possible to determine which
publications have been the most prominent on this topic. The science mapping in this
case consists of a co-occurrence analysis of words carried out by the VOSviewer tool. All
keywords appearing three or more times in the set of analysed publications were identified.
They were then structured in the form of a network according to the relationships between
these words. Figure 9 shows the result of this analysis.
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A total of 31 words occurring three or more times were obtained. In Figure 9, the
words are divided into clusters, which are represented in different colors. Words stand out,
such as: “complexity” and “air traffic control” in yellow, “workload” in purple, “model”
and “conflict detection” in green, “air traffic complexity” in red, “air traffic management”
in blue, and “time-series” in orange. From these clusters, the main words of the whole
network can be identified. For a more detailed overview of the network, information on the
10 most common keywords has been added. This information is in Table 3. Additionally, a
summary of each of the clusters in the network has been added to Table 4. This was carried
out to have a more detailed understanding of the entire network and not only to focus on
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the keywords that are globally more important. Specifically, the number of keywords in
each cluster and the keyword of each cluster are specified.

Table 3. List of most common keywords ordered by total link strength.

Keyword Occurrences Total Link Strength

Air Traffic Control 24 51
Conflict Detection 10 44

Complexity 23 40
Model 11 36

Air Traffic Complexity 18 31
Air Traffic Management 18 28

Performance 9 27
Management 5 25

Resolution 5 24
Design 3 20

Table 4. Description of the clusters in the keyword co-occurrence network.

Cluster Number of Keywords Keywords

1 9 Air Traffic complexity, Aircraft, Complexity Metrics, Design, Graph Theory, Management,
Performance, Resolution, Strategies

2 7 Conflict Detection, Conflict Resolution, Mental Workload, Model, Stability, Systems, Task

3 6 Air Traffic Management, Airspace Complexity, Complex Network, Efficiency, Impact,
Traffic Complexity

4 5 Air Traffic Control, Air Traffic Flow Management, Complexity, Machine Learning, Uncertainty
5 2 Neural Network, Workload
6 1 Resilience
7 1 Time-series

In Table 3, two of the most relevant terms are “Air Traffic Control” and “Air Traffic
Management”. This is because of the direct relationship of the concept of complexity with
the ATC service and the workload of air traffic controllers [44]. The terms “Complexity”
and “Air Traffic Complexity” are general terms related to the topic. “Conflict Detection”
is also related to complexity, as there is an increase in complexity and an increase in the
workload of the controllers, so the detection and potential resolution of conflicts also need
to be addressed. The term “model” refers to the fact that, in different publications analysing
complexity, the study is based on the definition of a complexity indicator, or a model used
to measure complexity.

With this study, the topics of greatest interest in this area of knowledge can be de-
termined. Additionally, Figure 10 shows the same co-occurrence network, but shows its
evolution by years from 2014 to 2020.

In this network, the same keywords can be observed as in Figure 9. However, different
trends can be seen in the evolution over time. In the first few years of this study, the
keywords were, among others, “workload”, “mental workload”, or “air traffic control”.
This indicates that, in the first few years analysed, the studies focused more on human
factors and on studies of complexity related to the workload of controllers. In 2020, some of
the keywords are “machine learning”, “air traffic flow management”, or “uncertainty”. This
indicates that the trend has changed, and that the complexity problem is now approached
from a point closer to air traffic flow management and artificial intelligence. This variation
in the trend, together with the previous co-occurrence analysis of words, allows us to
complete the performance analysis and to be able to know the different topics of major
interest within the air traffic complexity studies. With this, it is possible to answer the
following question:

What have been the key issues studied related to air traffic complexity?
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The answer is as follows: science mapping has provided insight into the issues of
greatest interest within the topic of complexity. Issues related to ATC service to measure or
reduce the workload of controllers are a recurring theme. The development of complexity
models or indicators, from their “Air traffic Flow Management” point of view, is also an
expanding area of knowledge. In recent years, the use of machine learning within the
studies is becoming increasingly important.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 16 of 21 
 

 
Figure 10. Network of co-occurrence of keywords. Evolution over the last few years. 

In this network, the same keywords can be observed as in Figure 9. However, differ-
ent trends can be seen in the evolution over time. In the first few years of this study, the 
keywords were, among others, “workload”, “mental workload”, or “air traffic control”. 
This indicates that, in the first few years analysed, the studies focused more on human 
factors and on studies of complexity related to the workload of controllers. In 2020, some 
of the keywords are “machine learning”, “air traffic flow management”, or “uncertainty”. 
This indicates that the trend has changed, and that the complexity problem is now ap-
proached from a point closer to air traffic flow management and artificial intelligence.  

This variation in the trend, together with the previous co-occurrence analysis of 
words, allows us to complete the performance analysis and to be able to know the differ-
ent topics of major interest within the air traffic complexity studies. With this, it is possible 
to answer the following question: 
What have been the key issues studied related to air traffic complexity? 

The answer is as follows: science mapping has provided insight into the issues of 
greatest interest within the topic of complexity. Issues related to ATC service to measure 
or reduce the workload of controllers are a recurring theme. The development of com-
plexity models or indicators, from their “Air traffic Flow Management” point of view, is 
also an expanding area of knowledge. In recent years, the use of machine learning within 
the studies is becoming increasingly important. 

Once performance analysis and science mapping have been completed, the findings 
can be combined to identify benchmark contributions in the field of air traffic complexity. 

4. Identification and Summary of Main Contributions 
After the previous analyses, a complete picture is obtained of which authors and or-

ganisations group knowledge around the complexity of aerospace. It is also known which 
specific topics are of interest within complexity studies. This information lets us determine 

Figure 10. Network of co-occurrence of keywords. Evolution over the last few years.

Once performance analysis and science mapping have been completed, the findings
can be combined to identify benchmark contributions in the field of air traffic complexity.

4. Identification and Summary of Main Contributions

After the previous analyses, a complete picture is obtained of which authors and
organisations group knowledge around the complexity of aerospace. It is also known
which specific topics are of interest within complexity studies. This information lets us
determine which works are or have been influential. This is the last step of the bibliometric
analysis, and it will help to know explicitly which studies have been carried out and extract
the advantages and/or weaknesses of these models. This final study answers the questions
“What are the main solutions proposed by academia to the complexity problem?” and
“What are the weaknesses and strengths of the main complexity indicators?”. By answering
these questions, the bibliometric analysis is completed.

The identification of the main contributions was carried out considering a combination
of the following criteria:

• Number of citations: The number of citations considers the number of times that this
document has been used as a reference in other studies. Therefore, the number of
citations is highly relevant when deciding whether a publication is relevant or not.
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• Authors: Whether the publication has been written by authors considered relevant is
also a selection criterion. Thanks to the performance analysis, it is possible to identify
the most relevant authors, so their works will also be relevant.

• Topic: Works have been selected that fall within the topics considered important in
the keyword study.

According to these criteria, the main contributions considered to the topic of air traffic
complexity are [11,45–48]. The order of analysis of these publications is in chronological
order from the earliest to the latest publication. Table 5 presents the citations, authors, and
topics of each of the references.

Table 5. Preliminary analysis of main contributions on air traffic complexity.

Paper Citations Main Topic

[45] 41 Sector complexity maps, defined as the response to disturbances
[46] 21 Defining complexity through dynamic system modelling
[11] 72 Review of complexity indicators
[47] 25 Study of the complexity of air traffic based on the study of complex networks
[48] 21 Complexity prediction using machine learning models

Table 5 presents the citations in order to see that the articles are indeed important, and
the topic of each paper is presented in order to see in a preliminary way what the air traffic
complexity studies focus on. The main contributions focus on the definition of complexity
indicators and their prediction. This is the main concern in the sector. Only one of the
papers aims to review indicators.

In this section, an explanation of each of the papers will be given, identifying the
subject of each publication and the advantages offered by each of the publications, but also
the possible limitations that they may have.

The first publication under consideration is [45]. Here, an analysis is made of the
complexity maps of a sector in response to disturbances. Lee defines a disturbance as
an event that requires controller action to maintain aircraft management, and he defines
the complexity map as a map detailing controller activity as a function of the parameters
describing the disturbances. This publication analyses a two-dimensional sector, and
details, in the form of complexity maps, the response of controllers to incoming aircraft.
This analysis allows scalar indicators of complexity to be obtained, and the analysis can also
be extrapolated to different disturbances, such as time. In conclusion, this paper addresses
the complexity problem from the point of view of a system responding to disturbances. It
is concluded that complexity can be defined in terms of how the system responds. This
approach has the advantage of not having to consider the traffic characteristics to define
complexity. But, it also has the limitation that only limited causes of disturbances have
been studied, and that it has made a two-dimensional approximation when height is a
fundamental parameter in air traffic management.

Subsequently, Ref. [46] maps are made to identify cases of low or high complexity
by modelling a dynamic system. To measure complexity, a model based on the Lapunov
exponent is used to characterise complexity by identifying different scenarios accord-
ing to the trajectory of the different aircraft. The main advantage of this model is the
non-linear dynamic approach followed by the model, which allows for both average and
local complexity indicators. The limitation of the model is that it assesses air traffic com-
plexity simply by modelling aircraft trajectories, without taking other aspects into account.
Air traffic complexity, although largely dependent on aircraft density, is a parameter that
has to take into account a larger number of parameters, such as the number of aircraft,
the mix of aircraft models, meteorology, separation between aircraft, aircraft speed, and
regulations affecting traffic [49].

Ref. [11] provides a review of the complexity indicators that have been used up to the
time of publication. It summarises the indicators “Aircraft Density”, “Dynamic Density”,
“Interval Complexity”, “Fractal Dimension”, “Input/Output Approach”, and “Lapunov
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Exponents”. The author discusses the differences between them and the main features of
each. The author states that these models have served as a reference for progress in this
field in previous years. But, these models do not consider aspects such as uncertainty in
aircraft trajectory, or the increasing automation of ATM. She, therefore, speaks of the need
to continue defining more modern complexity indicators, but considering the progress
already made.

Additionally, Ref. [47] carries out a study of the complexity of air traffic based on the
study of complex networks and graph theory, also treated in [50]. These complex networks
are based on the definition of certain variables of interest and their relationship with each
other to establish a complex system that is more than the sum of its parts. Using this
approach, this article assesses complexity in two and three dimensions, dividing it into
low, medium, and high tiers. The temporal assessment of complexity is also evaluated.
Conclusions are drawn on how this complexity evolution can influence the controllers. The
main advantage of this model is that the classification of the scenarios is performed by
artificial intelligence and human subjectivity can be avoided, and that the complex network
approach allows several different variables to be related. The limitation is that the number
of variables is reduced to the number of aircraft and the changes in aircraft trajectories in
a congested space. Aspects such as the regulations that may appear in the airspace [51],
which are one of the main causes of delays, are not considered in this model.

Finally, the analysis of [48] is performed. This publication performs complexity
prediction using machine learning models. In this paper, scenarios of low, medium, or high
complexity are classified. This classification is carried out using ATM experts. Subsequently,
a machine learning model is built that learns from this sample and can predict future
scenarios of low, medium, or high complexity based on common characteristics. Training is
also performed with unclassified samples to have a more robust model. For this model, the
authors evaluated the complexity of the airspace through the Sector Operation Complexity
(SOC) based on the complexity of a sector to be controlled. This indicator is used in several
publications [14,52]. The authors conclude that this tool can be used as an auxiliary in the
decision-making process of a real ATM tool. This paper has many advantages, such as
being a reference in terms of predicting complexity in airspace using machine learning tools,
but it has the main disadvantage of being based on the human component for the labeling
of variables, which can influence the quality of the machine learning models. Many of the
models that have been developed so far are based on human subjectivity [10], although
artificial intelligence tools have changed this trend in recent years.

After analysing the five selected references, several commonalities can be drawn.
Table 6 shows the advantages and limitations that have been obtained as common points
after reading and analysing the main references. This provides recommendations for the
creation of future indicators, as well as the conclusion of the bibliometric analysis.

Table 6. Benefits and limitations of the above models.

Benefits Limitations

Complexity models are developed based on
aircraft trajectories

Trajectory-based models do not take into account other aspects,
such as regulations

Models classifying complexity according to the
scenario as low, medium, or high

This classification is usually based on expert opinion, although artificial
intelligence is increasingly being taken into account

Newer indicators are beginning to try to make
predictions of complexity

The most commonly used indicators do not take into account the uncertainty
of aircraft trajectory, although new ones are starting to take it into account

Once the contributions have been analysed and conclusions such as the general
advantages and limitations that can be extrapolated from them have been drawn, the main
objective of the paper is fulfilled, and the questions can be answered:

What are the main solutions proposed by academia to the complexity problem? What are
the weaknesses and strengths of the main complexity indicators?
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The answer is as follows: through the above analyses, five main contributions have
been identified, as shown in Table 5. After an analysis of these, the main strengths and
weaknesses of the main contributions are summarised in Table 6.

5. Conclusions

Finally, this chapter presents the conclusions of the analysis.
The preliminary analysis has served to justify the interest in this topic. The complexity

of air traffic is increasingly researched because of its relation to the workload of ATCOs. As
a result, the number of papers and citations to these papers has been growing steadily. This
is why a bibliometric analysis can help to structure all the knowledge on this topic.

Bibliometric analysis has served to structure knowledge. Emphasis has been placed
on knowing which authors and organisations have researched complexity in more detail,
and which topics are the most researched. Performance analysis and science mapping have
proved to be very useful tools that have made it possible to structure and summarise a
large amount of knowledge. Moreover, with the use of VOSviewer, one has a visual and
intuitive picture of this and can make an analysis in a simple way.

In addition, this bibliometric analysis has been very useful when searching for the
main contributions. In a bibliography analysis, in order to identify the most relevant papers,
it would be necessary to read all of them and see which ones have most influenced the
rest. Thanks to bibliometric analysis, this task has been made easier. The author analysis
has made it possible to identify the main authors, and the keyword analysis has made
it possible to investigate the main topics. This is a great filter for identifying the main
contributions in the topic studied.

Finally, by analysing five main contributions, it has been possible to identify trends
in the definition of complexity indicators so far. This topic will continue to evolve, and
more indicators need to be defined. Having studied five relevant publications, it has been
possible to obtain the weaknesses and strengths of the models developed. This is very
useful for the next development of indicators, as they will have to try to maintain the
advantages of the indicators developed so far but will have to overcome their weaknesses.

In addition to the conclusions drawn from this analysis, limitations are also established.
Firstly, this bibliometric analysis has been carried out on a very specific topic, and only
using the Web of Science repository. Therefore, the number of articles that have been
collated is limited. Even so, valid conclusions could be drawn from this study, although
there may be some relevant studies that have been left out of the analysis. Secondly,
bibliometric analysis is a tool that allows for the bibliographic study of many articles. But,
it also has the disadvantage that it is not able to see the real contributions of each of them.
For this paper, it is a correct approximation, but it does not allow for an exhaustive analysis
of the analysed documents.
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