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Abstract

Nowadays Artificial Intelligence (Al) has increasingly become the core technology leading a new
round of scientific and technological revolution and industrial transformation. Al is reaching out to
all disciplines and breaking the border of disciplines. Hence many universities are using Al as a
strategic tool to empower traditional disciplines. Tongji University in Shanghai is one of these
universities. We use Tongji University's publications on Al as a case to study the interdisciplinarity
that led by Al studies. We collect the Al publications which have Tongji University in the address.
The publications are sliced into five four-year slices and classified according to the categories of their
published journals. We then calculate the categories' diversity and cohesion based on the categories
of the references of these Al publications. We plot the categories in a Cartesian coordinate system
with diversity as one coordinate and cohesion as the other. The results indicate that categories
involved in Al studies have gradually evolved towards high diversity and high cohesion. Initially, the
categories "Computer Science, Artificial Intelligence™ were in the Quadrant IIlin the period of 2004-
2007, then directly settled in the Quadrant T in the period of 2008-2012, maintaining high cohesion
and high diversity ever since. This trend is closely tied to the development of computational science
and deep learning technologies. Additionally, categories such as "Computer Science, Interdisciplinary
Applications”, "Engineering, Electrical & Electronic”, "Biochemical Research Methods",
"Biotechnology & Applied Microbiology"”, "Mathematics & Computational Biology" and
"Operations Research & Management Science" were already classified as high cohesion-high
diversity categories in the early stages (before 2016), demonstrating strong interdisciplinary
integration capabilities. "Neuroscience," show a significant increase in its academic influence after
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2016. The history of these disciplines reveals the crucial role that Al has played in driving the
advancement of the concerned categories.

Introduction

Currently, the fourth wave of the technological revolution, represented by artificial
intelligence (Al), is rapidly evolving. As a comprehensive and interdisciplinary field,
Al's innovations rely heavily on cross-disciplinary integration with various
disciplines. Previous studies have shown that Al can discover new knowledge and
generate new technologies through the transplantation of theories, method exchange,
and object transfer, further breaking down disciplinary barriers and expanding
disciplinary boundaries. This process leads to a higher-level, more integrated
collaboration between Al and other disciplines, spawning emerging fields and
producing disruptive, original breakthroughs (Wu, 2019). The advent of Al has
promoted the convergence between different disciplines, bringing about profound
transformations in the development of those fields (Cai, Wang, & Shen, 2019).
Therefore, assessing the degree of disciplinary integration in Al-related
interdisciplinary research fields, tracking the evolving trends of cross-disciplinary
convergence driven by Al, are of paramount importance for understanding its
transformative impact on a disciplinary system.

Interdisciplinary research is generally seen as a source of creativity and
innovativeness (Dogan and Pahre, 1990). The citation relationships among scientific
literature represent the integration and diffusion of knowledge, indicating the
direction of knowledge flow (Liu & Rousseau, 2010). Liu, Rafols and Rousseau
(2012) introduce a general framework for the analysis of knowledge integration and
diffusion using bibliometric data. They proposed to capture the characteristic of
interdisciplinarity by the calculation of diversity and coherence from bibliometrics
data. Measuring how particular articles integrate research fields based on the
assignation of the journals they cite to WoS Subject Categories, is one of the
approaches for assessing interdisciplinary (Porter, 2006).

Rafols and Meyer (2010) state that diversity and coherence are the two basic notions
for the study of interdisciplinarity. Diversity refers to the breadth in categories used
and consists of three basic concepts: variety, balance and disparity (Stirling, 2007).
Coherence refers to the extent to which different elements in the research (categories
or topics) are interrelated. The notion of diversity puts the emphasis on how different
the incorporated knowledge is, while the notion of coherence emphasizes how
different bodies of research are consistently articulated and form a meaningful
constellation. In this sense, an increase in diversity reflects the divergence of
knowledge integration and diffusion, whereas an increase in coherence reflects their
convergence (Rousseau et al., 2019). Measuring interdisciplinarity from the
perspective of coherence helps to elucidate the distinct roles of each discipline within
the overall network and to identify the dominant disciplines driving the
interdisciplinary integration process.

The studies provide valuable insights for examining the diversity and cohesion of
every discipline involved in Al-related interdisciplinary fields from a two-
dimensional perspective.
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In the face of the rapidly evolving field of Al, universities are actively exploring new
models for interdisciplinary integration, such as the "Al+" model of discipline
construction, to empower and transform the development of their academic fields
through Al. In 2019, Tongji University became one of the first universities in the
country to be authorized to establish an undergraduate program in Al, and it also
took the lead in developing the discipline of "Smart Science and Technology". In
2021, Tongji University was approved to develop an interdisciplinary doctoral
program in "Smart Science and Technology", initiating research in Al-driven
interdisciplinary fields. On May 16, 2024, Tongji University released the "Action
Plan for Al-Driven Discipline Innovation and Development (2024-2027)," launching
eight core tasks to strengthen the development of Al-related disciplines. Taking
Tongji University as an example, measuring the diversity and cohesion of discipline
of Al-related interdisciplinary fields is crucial for understanding the evolution of Al-
driven discipline integration.

Data

To study the trends and situation of disciplinary integration caused by Al, this paper
selects Tongji University as a case study and collects all published Al papers by
Tongji University. The Web of Science core collection database is used as the data
source. We refer to the search terms employed in the 2018 China Artificial
Intelligence Development Report published by the Tsinghua University Science and
Technology Policy Research Center, combined with expert opinions. The search
strategy is as follows: (TS=("artificial intelligence” OR "machine learning” OR
"natural language processing™ OR "computer vision" OR "facial recognition" OR
"image recognition” OR "speech recognition” OR "semantic search™ OR "semantic
web" OR "text analytics” OR “virtual assistance” OR “visual search” OR" predictive
analytics” OR" intelligent system™ OR "Deep Learning” OR "Robotics” OR
"Autonomous Systems" OR "Human-Computer Interaction” OR "ChatGPT")) AND
AD=(Tongji), no time frame was set, and the "Affiliation" filter was applied to select
"TONGJI UNIVERSITY". This search strategy resulted in the retrieval of 3,839
articles retrieved, conducted on October 3, 2024. After deduplication, 3,367 valid
articles were retained for subsequent subject categories mapping.

Based on the Journal Citation Reports (JCR) from the WoS, which provides the
subject category information of each journal (a total of 254 WoS categories), we
mapped each reference's corresponding journal to one or more WoS categories. A
total of 157,761 reference records were mapped to categories. After data cleaning
and mapping the references' categories, references with fewer than three subject
categories were removed (Diego, Puay, & Rafols, 2014). As a result, 2,783 papers
were selected as the sample for this study (spanning the period from 2004 to 2023).
Dataset Availability: https://zenodo.org/records/15220666.

The data were preprocessed illustrated in Figure 1. Each publication was mapped to
its categories of the journal that the publication was published. Each publication’s
references were also mapped onto the categories of the references’ journals. The
publications with same category were conglomerated, together with their references
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and their categories, forming a map from the category of publications and its
corresponding references’ categories.

Category mapping Clusters of categories cited in publications

§> publication 1 E> | Category A. B, C. D.E |
publication 2 E> | Category D.E,F, G, H |

Clusters of categories cited in categories of publications

WoS Category A |:> |Ca'egoryA: B.C.D.E |

WoS Category D [> | Category D,E. F, G, H |

Figure 1. The mapping of the categories of publications and their references’
categories.

The dataset was sliced into five four-year slices. Table 1 lists for every period the
number of publications, the number of categories over which the publications are
distributed, and the number of categories over which the references are distributed.
The mapping in Figure 1 was also based on sliced dataset.

Table 1. Statistics of publications of Tongji University's artificial intelligence (Al)
research field from 2004 to 2023.

Table Number of Number of the Number of the
publications categories the categories the
publications references
distributed distributed
2004-2007 17 21 45
2008-2011 47 35 98
2012-2015 103 42 140
2016-2019 450 102 205
2020-2023 2,166 171 237
2004-2023(total) 2,783 179 239
Methods

In this study, we adopt the conceptual framework proposed in (Rafols & Meyer, 2010)
to measure the interdisciplinary of the categories related to Al research. Rafols and
Meyer (2010) focused on measuring interdisciplinary of individual articles. Liu,
Rafols & Rousseau (2012) enlarge this framework to a set of related articles. In this
study, we measure the interdisciplinary of categories. the category is composed by a
set of Al-related publications. So, we slightly modify the methods.

We use the distribution of references’ categories as analytical unit to calculate the
diversity. However, we have to conglomerate all publications in the same category
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together to form a map from the category of Al publications to its references’
categories. We calculate the category’ diversity based on the conglomerate of the
publications in same category in each time slice. Each publication is categorized into
one or more categories by Web of Science. When conglomerating a publication
which has several categories, the publication and its references’ categories are
conglomerated into all the categories the publication belongs.

We use Rao-Stirling indicator to measure the diversity of categories. The specific
formula for the Rao-Stirling indicator is as follows:

Diversity = Rao — Stirling = 2 (di)* - (pi - p]-)B
Lj(i#])

i

Here, d;; denotes the dissimilarity between category i and category j. The
dissimilarity of categories is calculated based on the inter-category co-membership
of the journals in Web of Science, which was proposed by Liu (2018) to construct
global backbone of science. p; and p; denote the proportions of the total number of
items under study in category i and category j, respectively. Finally, a and  are
parameters that adjust the importance given to small distances (a) and weights (B).
In case one lacks empirical reasons to adjust o and {3, they are often taken as being
equal to 1.

We also construct a categories co-occurrence network in each time slice. Figure 2
shows how we constructed the network.

Clusters of categories cited in publications Categories co-occurrence matrix Categories co-occurrence network

publication 1 A|B|C|D|E|F

Alof1]1 [L] e e
publication 2 » B|1|o|1|0f0|O »

clii|1jojz2|1)1
publication 3 plololzlolils

E|0|0]|1 [P ]

®) eﬂe

Figure 2. The process of constructing a categories co-occurrence network.

publication 4 Category D, F

Since we focus on the role of a category in integrating different categories related to
Al, we do not go to measure the whole structural consistency of the Al publications
network. A category can be considered to reside in an important mediating position
in a network if it is on a path between many other categories. Leydesdorff (2007)
suggested that betweenness centrality can be used as a measure of interdisciplinarity
at the journal level. Rafols et al.(2012) developed intermediation as a framework,
complementary to the diversity-cohesion framework. Zhang et al (2020) review the
measurement for the cohesion of interdisciplinary research. Betweenness was
acknowledged as a valid indicator to measure the cohesion of a single-node in the
network.
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In this paper, we chose the betweenness centrality of nodes to represent the degree
of cohesion of categories.

Betweenness centrality is used to measure the role of each category as a bridge in
the flow of information between categories. The formula of betweenness centrality
is as follows:

Cohesion = Betweenness Centrality = M
ik

Here, gjdenotes the total number of shortest paths between two nodes; gj.(i)
indicates the number of shortest paths between two nodes that pass-through node i.

Principles of Cartesian Coordinate System Plotting

Cohesion and diversity are the two dimensions we used to describe the
interdisciplinary of the Al related categories. We establish a Cartesian coordinate
system with diversity as one coordinate and cohesion as the other and plot the
categories in the system according to our calculation.

To ensure comparability, all the data are standardized. In this process, each data
point—representing cohesion or diversity for a given stage—is transformed relative to
the overall dataset's mean. After standardization, values above the average are
represented by positive values, while values below the average are represented by
negative values. Hence the origin in the coordinate system represents the mean value
for both cohesion and diversity across the entire 20-year period.

The primary advantage of this standardization process is that it enables the
comparison of different stages in a uniform manner, with all data transformed onto
a common scale.

Classification of Fields of Categories

Leydesdorff (2016) distinguished all categories of WOS into 5 broad categories or
18 fields. The five broad categories include: Social Sciences & Psychology,
Engineering & Mathematics, Medicine, Physics & Chemistry, and Biology. The
eighteen fields include: Social Sciences, Computer Science and Engineering,
Medicine, Psychology, Environmental Sciences, Chemistry & Applied Physics,
Biomedicine, Health Care, Engineering, Agriculture and Food, Management,
Biology, Chemistry, Infectious diseases, Physics, Pharmacology, Environmental
Engineering, Medicine & Others.

Drawing on Leidesdorff’s classification of 18 fields, we reorganize the 254
categories in WoS into more generalized and conceptually coherent domains. The
specific steps are as follows:

(1) First, the correspondence between the 227 WoS subject categories and the 18
major domains, as organized by Leydesdorff (2016), was adopted;

(2) A new field “Literature, History, Arts, and Philosophy”—was added, resulting
in a final total of 19 major fields of categories;
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(3) For the remaining 27 subject categories not covered in Leidesdorff’s
classification system, we assigned them to appropriate field based on expert
judgment.

Result

Base on the publications of Al research field of Tongji University from 2004 to 2023,
we calculate the indicators of the categories' diversity and cohesion and plot these
categories in a Cartesian coordinate system. Below, we will analyze the two-
dimensional feature of categories' cohesion and diversity for the periods 2004-2007,
2008-2011, 2012-2015, 2016-2019, and 2020-2023.

The two-dimensional feature of Al research field during 2004-2007

Figure 3 shows the two-dimensional feature analysis chart of the categories in the Al
research field at Tongji University during 2004-2007, and Table 2 displays the
corresponding classification table of the categories' two-dimensional features. A
total of 21 Web of Science categories of publications were involved during this stage.
The study also statistically analysed the categories with betweenness centrality of 0.
To avoid excessive redundancy of data points in the scatter plot, these categories
were not presented in the two-dimensional feature analysis chart.

Cohesion 4

Engineering, Eledirical & Electronic

Computer Science, Interdis@plipary Applications
Computer Science, @for makion Systems

>

Diversity

Automation & @ontrol Systems

Medjcal i@formatics

Transpintatio
Computer Science, @rtificial Intelligence
Engineering@Biomefiical
Computer Science, Software Engineering
Telecomnggnications
Cogpp uter Sdencefheory & Methods Health Care Sci@hcgs & Services
Mathematics, Applied

Computer Sci@hce, Hardware & Architecture

Figure 3. The two-dimensional feature analysis chart of the categories of publications
(2004-2007).
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Table 2. Two-dimensional Features of the categories of Al publications (2004-2007).

Two-
Dimensional
Characteristics

Field of Categories

Category Names

Quadrant I :
High Cohesion -

High Diversity None None
(O category)
Quadrant 1I : Computer Science, Interdisciplinary

High Cohesion -
Low Diversity
(3 categories)

Computer Science
and Engineering

Applications; Computer Science,
Information Systems; Engineering,
Electrical & Electronic

Quadrant 11T :
Low Cohesion -
Low Diversity

Computer Science
and Engineering

Automation & Control Systems;
Computer Science, Artificial
Intelligence; Telecommunications;
Computer Science, Theory &
Methods; Computer Science,
Software Engineering; Mathematics,
Applied; Computer Science,

(10 categories) Hardware & Architecture
Health Care Health Care Sciences & Services
Medicine Transplantation
Chemistry & Applied Engineering, Biomedical
Physics
Quadrant IV :
Low Cohesion - Health Care Medical Informatics

High Diversity
(1 category)

Categories with
Betweenness
Centrality of O
(7 categories)

Computer Science
and Engineering

Robotics; Engineering,
Manufacturing; Transportation
Science & Technology; Instruments
& Instrumentation

Pharmacology

Mathematical &  Computational

Biology
Environmental
Engineering Energy & Fuels
Chemistry & Applied _ ]
Physics Physics, Applied

From the two-dimensional feature analysis chart of the categories of publications, no
categories were found in the high cohesion-high diversity quadrant (Quadrant 1)
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during this period. This indicates that Tongji University’s interdisciplinary research
in the field of artificial intelligence was still in infancy, and there was no widespread
or close interconnection between disciplines at that time.

In the High cohesion-Low diversity quadrant (Quadrant II), three categories were
distributed: "Computer Science, Interdisciplinary Applications,” "Computer
Science, Information Systems,” and "Engineering, Electrical & Electronic,” all of
which belong to the field of Computer Science and Engineering. These categories
had relatively high cohesion, indicating a strong ability for disciplinary integration.
However, their diversity was low, meaning their knowledge absorption scope was
relatively limited and primarily concentrated within closely related sub-disciplines
of the same broader field. It is noteworthy that the field of Computer Science and
Engineering exhibited strong disciplinary cohesion during this period, making it the
most important bridge for communication between other disciplines and the
formation of academic networks. In the context of the rapid digital transformation
and technological advancements in information technology at the time, these fields
had significant potential for interdisciplinary applications.

The low cohesion-low diversity quadrant (Quadrant II) included 10 categories,
including "Computer Science, Artificial Intelligence,” "Automation & Control
Systems,"” "Health Care Sciences & Services," "Transplantation™, etc. Spanning the
fields of Computer Science and Engineering, Health Care, Medicine, Chemistry &
Applied Physics. These categories were characterized by both low cohesion and low
diversity, reflecting a narrower research citation range and insufficient
interdisciplinary interaction. During this period, limited computational resources
were a major bottleneck for the development of artificial intelligence. Compared to
today's high-performance GPUs and distributed computing architectures, the
computational capabilities of 2004-2007 were still limited, which restricted the
training of complex models and the processing of large-scale data. As a result, the
development of artificial intelligence was still in its early stages. The research focus
of the "Computer Science, Artificial Intelligence” at this time was likely more
concentrated on theoretical deepening within the discipline itself, rather than
fostering interdisciplinary communication and applications. For instance, the most
highly cited paper in the "Computer Science, Artificial Intelligence" field during this
period was an article aimed to solve the of lack trust in P2P (Peer-to-Peer) Semantic
Web (Wang, Zeng & Yuan, 2006). Despite not being directly related to artificial
intelligence technologies or theories, solving this issue in P2P semantic networks not
only enhances data reliability but also contributes to the development of distributed
Al, knowledge graphs, and autonomous intelligent systems, thus providing a solid
foundation for the innovation and popularization of artificial intelligence
technologies.

In the low cohesion-high diversity quadrant (Quadrant IV), only the category of
"Medical Informatics”. "Medical Informatics” is the field that uses computers and
related information technologies to handle tasks such as the storage, organization,
retrieval, and optimal utilization of biomedical data, information, and knowledge,
with the goal of supporting research and practice in the medical field and improving
the accuracy, timeliness, and reliability of problem-solving and decision-making.
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Between 2004 and 2007, the research in the "Medical Informatics” at Tongji
University consisted of only two papers on the same topic, both published in 2005
(Xu et al.,2005; Xu et al.,2005). These studies used specific algorithms to train
Acrtificial Neural Networks (ANNSs) to identify the best treatment strategies for
vascular tissue engineering based on experimental data. The results demonstrated the
huge potential of artificial intelligence technology in decision-making within tissue
engineering, enabling the analysis of large datasets and making more precise
decisions to improve outcomes. These two papers cited 21 disciplines, spanning
Computer Science and Engineering, Environmental Science, Biomedicine,
Medicine, Biology, Agriculture and Food, Infectious Diseases, and Health Care. This
wide span of disciplines explains the high measure of diversity for "Medical
Informatics.” However, due to the categories connected to "Medical Informatics™ are
themselves tightly interrelated, meaning these categories can communicate directly
without needing "Medical Informatics” as an intermediary, resulting in a low
measure of cohesion for "Medical Informatics".

statistically analysed the categories with betweenness centrality of 0, including
"Robotics,” "Mathematical & Computational Biology," "Energy & Fuels,” and
"Physics, Applied,” indicating that they did not appear on the shortest connection
path between any two categories. However, this does not entirely negate their
potential intermediary value, as the flow of information between disciplines can also
occur via non-shortest paths, and nodes along such paths can still facilitate
knowledge exchange.

In summary, during 2004-2007, the level of interdisciplinarity in the fields of Al at
Tongji University was weak. "Computer Science, Artificial Intelligence™ during this
period did not exhibit high diversity or cohesion. The number of categories in the
Quadrant II and Quadrant Illwas high. The absence of categories in the Quadrant I
suggests that the interdisciplinary nature of the Al research field had not yet reached
a highly converged level. However, as academic collaboration deepens and
disciplines development, categories located in the Quadrant I and [Vmay gradually
evolve toward higher cohesion and diversity, thus driving the further development
and evolution of the entire interdisciplinary research field in artificial intelligence.

The two-dimensional feature of Al research field during 2008-2011

The two-dimensional feature distribution of the categories in Tongji University's Al
research field from 2008 to 2011 is presented in Figure 4 and Table 3. Compared to
the situation from 2004 to 2007, the diversity and cohesion distribution of categories
underwent significant changes, with the number of categories of publications
increasing from 21 to 35. Among them, "Computer Science, Artificial Intelligence"
achieved significant breakthroughs in diversity and cohesion, with the influence of
Al in interdisciplinary research expanding continuously, gradually becoming a core
driving force in the academic network.
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Computer Science, @rtificial Intelligence

Computpr Science, Interdidiplinary Applications

Vidthematical & Calnputational Biology

Computer Science, @formation Systems
Engineefing, Eledrical & Electronic

Automation & @ontrol Systems Computeq Science Theory & Methods
iotechfolozy & Mplied Miaobiology
Mathematics, Interdiiciplinary Applications Diversity
P = Rrebabit >
MedBBnics Operations Research @Management Science Biochemifal Reearch Methods i
Engineering MITIdISPIINATY  Enoineering@Mechanical
Environmefltal S: ® Water R@sour ces

Computer Science, Soft@re Engineering ~ Mathema

. g Bipg Engin@ring, Biomedical
Engneerine Incet Imaging Science & Phitographic Technology Y

? 2}
MaterialSScienc@Multid®Cplinary

Figure 4. The two-dimensional feature analysis chart of the categories of publications
(2008-2011).

Table 3. Two-dimensional Features of the categories of publications (2008-2011).

Two-
Dimensional Field of Categories Category Names
Characteristics
Computer Science, Artificial
Intelligence; Computer Science,
Computer Science and Interdisciplinary Applications;
Quadrant T : Engineering Computer Science, Theory &
High Cohesion - Methods; Engineering,
High Diversity Electrical & Electronic
(6 categories) Pharmacology I\/I_athematical & Computational
Biology
Agriculture and Food Bi_otech_nology &  Applied
Microbiology
Quadrant 1I : Computer Science, Information
High Cohesion - Computer Science and Systems; Mathematics,
Low Diversity Engineering Interdisciplinary Applications;
(3 categories) Automation & Control Systems
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Quadrant 11T :
Low Cohesion -
Low Diversity
(22 categories)

Computer Science and
Engineering

Computer Science, Hardware &
Architecture;
Telecommunications;
Operations Research &
Management Science;
Mathematics, Applied;
Statistics & Probability;
Engineering, Multidisciplinary;
Computer Science, Software
Engineering; Engineering,
Industrial

Environmental Sciences

Water  Resources;  Remote
Sensing; Environmental
Sciences; Imaging Science &
Photographic Technology

Engineering Engineering, _ Mecha_nical;
Thermodynamics; Mechanics
. . Engineering, Biomedical;
Chem'?%ﬁ;ﬁppmd Magte_rizflls_ g- Science,
Multidisciplinary
Chemistry Chemistry, Multidisciplinary
Biology Biology
Physics Optics
Pharmacology Genetics & Heredity
Medicine, Research &

Medicine & Others

Experimental

Quadrant IV :
Low Cohesion -
High Diversity
(1 category)

Categories with
Betweenness
Centrality of 0
(3 categories)

Chemistry Biochemical Research Methods
Compute_r Sme_nce and Robotics
Engineering
Engineering Engineering, Aerospace
Chemistry & Applied : .
Physics Physics, Applied

From the vector distribution of citing categories, the interdisciplinarity and cohesion
levels of the artificial intelligence interdisciplinary field from 2008 to 2011 improved
compared to 2004 to 2007. The number of categories in the Quadrant I increased
from a previous vacancy to 6. These categories span across the fields of Computer
Science and Engineering, Pharmacology, Agriculture and Food. Among them,
"Computer Science, Artificial Intelligence” exhibited a significant increase in
cohesion and diversity, making it the category with the highest cohesion level among
all the categories in this phase. This indicates that the influence of the Al field has
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substantially expanded, gradually establishing itself as a core hub in the academic
network. "Computer Science, Interdisciplinary Applications” and "Engineering,
Electrical & Electronic™ made a significant leap from the Quadrant II (High
Cohesion -Low Diversity) in the previous phase to the Quadrant 1 (High Cohesion
-High Diversity). "Computer Science, Theory & Methods,” which was in the
Quadrant III (low cohesion-low diversity) from 2004 to 2007, and "Mathematical &
Computational Biology," which had betweenness centrality of 0, both made a
remarkable leap to the Quadrant I from 2008 and 2011, entering the realm of high
cohesion—high diversity disciplines. "Biotechnology & Applied Microbiology" made
its debut directly in the Quadrant I, emerging as a new force in the interdisciplinary
field of artificial intelligence.

"Mathematics and Computational Biology" is a discipline that uses statistical
methods and computer algorithms to analyze genetic and genomic data. It
emphasizes research in molecular evolution, molecular classification, molecular
genetics, and population genetics using mathematical, statistical, and computational
approaches based on biological data. Compared to traditional biological
experiments, which are limited by the precision of operational levels, experimental
tools, and observational accuracy, computational biology based on computers is
faster, more cost-effective, and theoretically has unlimited computational precision
and high reproducibility. This characteristic not only significantly enhances the
efficiency of biological research but also drives the interdisciplinary integration of
bioinformatics, genomics, computer science, operations research, and other fields,
exhibiting strong cross-disciplinary integration and accelerating the collaborative
development and innovation in related fields (Mao, Jiang and Yuan, 2024). One of
the most-cited papers in the 2008-2011 period in the field of artificial intelligence
and "Mathematical & Computational Biology" at Tongji University discussed the
application of decision tree methods in machine learning to biology, such as cancer
classification and genomics classification (Che et al., 2011).

"Biotechnology & Applied Microbiology" is a comprehensive discipline that covers
both "Biotechnology"” and "Applied Microbiology,” with "Applied Microbiology"
being an important component of the "Biotechnology" discipline system.
"Biotechnology" includes many biological programs adjusted according to human
needs, such as early animal domestication, plant cultivation, and the improvement of
varieties through artificial selection and hybridization. Under the modern scientific
paradigm, biotechnology has evolved into gene engineering, cell culture, tissue
culture, and other technologies. At the same time, many pure life sciences fields,
such as biochemistry, cell biology, embryology, microbiology, and molecular
biology, are also related to biotechnology. One of the most-cited papers in the 2008-
2011 period in Tongji University's artificial intelligence interdisciplinary field of
"Biotechnology and Applied Microbiology” designed a novel transcriptome
assembly algorithm called IsoLasso based on RNA-Seq. This algorithm can
simultaneously reconstruct all full-length mRNA transcripts from millions of short-
read sequencing data, achieving higher sensitivity and accuracy than the most
advanced transcriptome assembly tools. The study found that although this research
did not directly involve artificial intelligence-related technologies and methods, the
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breakthroughs made by the IsoLasso algorithm in short-read transcriptome assembly
laid the groundwork for the later application of Al in gene sequencing (Li, Feng and
Jiang, 2011).

In the Quadrant II (High Cohesion -Low Diversity), 3 categories were distributed in
2008-2011, including "Computer Science, Information Systems,” "Mathematics,
Interdisciplinary Applications,” and "Automation & Control Systems".

In the Quadrant III (Low Cohesion -Low Diversity), the distribution of categories
remains the most concentrated, with a total of 22 categories, an increase from the
2004-2007 period. This quadrant includes categories from nine fields: Computer
Science and Engineering, Environmental Sciences, Engineering, Chemistry &
Applied Physics, Chemistry, Biology, Physics, Pharmacology, Medicine & Others.
This distribution suggests that although some disciplines have started to participate
in interdisciplinary artificial intelligence research, their ability to integrate
knowledge and their inclusivity remain at a relatively low level. They have yet to
play a significant role in the cross-disciplinary knowledge flow network.

In the Quadrant IV (Low cohesion -High diversity), only "Biochemical Research
Methods," was appeared during the 2008-2011 period. It is noteworthy that "Medical
Informatics,” which was in this quadrant in the previous phase, does not appear in
any quadrant in this stage, indicating a significant disruption in the continuity of
research in this field at Tongji University.

Furthermore, statistical results show that three categories with betweenness
centrality of 0 during 2008-2011, including the newly added “Engineering,
Aerospace™ and the previously existing "Robotics™ and "Physics, Applied.” These
disciplines are at the periphery of the academic network, contributing almost nothing
to the overall network's connectivity and information flow. This phenomenon may
be due to their low co-citation frequency with other disciplines, which has prevented
the formation of effective knowledge transfer pathways. Additionally, related
interdisciplinary research is still in its early stages and has yet to establish a stable
network of academic interaction.

In summary, compared to the 2004-2007 period, the diversity and cohesion in the
interdisciplinary field of artificial intelligence at Tongji University progress in 2008-
2011. The Quadrant I show a breakthrough from non-existence to presence, with
"Mathematics and Computational Biology” and ""Biotechnology & Applied
Microbiology" becoming significant interdisciplinary forces outside the field of
Computer Science and Engineering, playing a central role in knowledge integration
within the Al cross-disciplinary field. However, most disciplines remain
concentrated in the low cohesion -low diversity region (Quadrant III), with a
relatively high number of peripheral disciplines, indicating that the level of
communication between disciplines in the overall academic network has not yet fully
matured. As interdisciplinary collaboration deepens, more disciplines are expected
to transition from the Quadrant III to the Quadrant II or the Quadrant IV, and
ultimately move toward the Quadrant 1 (high cohesion -high diversity), thus further
advancing research in the Al interdisciplinary field.
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The two-dimensional feature of Al research field during 2012-2015

The two-dimensional feature distribution of categories for the period 2012-2015 is
shown in Figure 5 and Table 4. Compared to 2008-2011, the number of categories
increased by 7, and the two-dimensional distribution of categories exhibited new
changes.
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Figure 5. The two-dimensional feature analysis chart of the categories of publications
(2012-2015).

Table 4. Two-dimensional Features of the categories of publications (2012—-2015).

Two-Dimensional

Characteristics Field of Categories Category Names

Engineering, Electrical &
Electronic; Computer Science,
Artificial Intelligence; Computer
Science, Information Systems;
Computer Science and Automation & Control Systems;
Engineering Computer Science,
Interdisciplinary Applications;
Operations Research &
Management Science; Computer
Science, Theory & Methods

Engineering Engineering, Civil

Quadrant I :
High Cohesion -
High Diversity
(11 categories)
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Chemistry

Biochemical Research Methods

Environmental Sciences

Environmental Sciences

Pharmacology

Mathematical & Computational
Biology

Quadrant II :
High Cohesion -
Low Diversity
(2 categories)

Medicine & Others

Neurosciences; Multidisciplinary
Sciences

Quadrant 1IIL :
Low Cohesion -

Computer Science and
Engineering

Robotics; Telecommunications;
Engineering, Multidisciplinary;
Computer Science, Software
Engineering; Computer Science,
Hardware & Architecture;
Mathematics, Interdisciplinary
Applications

Environmental Sciences

Water Resources; Imaging
Science & Photographic
Technology; Geosciences,
Multidisciplinary; Geography,
Physical

Engineering, Mechanical;

o Engineering Construction & Building
Low D|vers_|ty Technology; Architecture
(21 categories) — -
Physics Optlgs,_ Phys_lcs,
Multidisciplinary
Management Information Science & Library
g Science
Chemistry Chemistry, Multidisciplinary
Chemistry & Applied Materials Science,
Physics Multidisciplinary
Social Sciences Transportation
. - Biochemistry & Molecular
Biomedicine .
Biology
Pharmacology Pharmacology & Pharmacy
. Transportation Science &
Computer Science and } .
L Technology; Computer Science,
Engineering Cybernetics
Quadrant IV : y

Low Cohesion -
High Diversity
(6 categories)

Pharmacology

Integrative & Complementary
Medicine

Health Care

Health Care Sciences & Services

Environmental Sciences

Remote Sensing

Environmental Engineering

Engineering, Environmental

Categories with
Betweenness
Centrality of 0
(2 categories)

Environmental Sciences

Geology

Physics

Astronomy & Astrophysics
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From 2012 to 2015, 11 categories entered the Quadrant I, including "Engineering,
Electrical & Electronic,” "Computer Science, Artificial Intelligence,” "Engineering,
Civil," "Biochemical Research Methods," "Environmental Sciences,"” "Mathematical
& Computational Biology", etc. Compared to the 2008-2011 period, 6 additional
categories were added. These categories span across five major fields: Computer
Science and Engineering, Engineering, Chemistry, Environmental Sciences,
Pharmacology.

We analyse some of the categories that entered the Quadrant 1. The development of
"Computer Science, Artificial Intelligence™ is closely related to the technological
breakthroughs in deep learning after 2012. Deep learning, as an emerging field of
machine learning, aims to automatically extract multi-layer feature representations
from data. Its core idea is to use a data-driven approach with a series of nonlinear
transformations to extract features from raw data, progressing from low-level to
high-level, from specific to abstract, and from general to specialized semantics
(Zhang, Wang, & Guo, 2018). The landmark event in the development of deep
learning was the 2012 ImageNet Large-Scale Visual Recognition Challenge
(Russakovsky et al., 2015), where Krizhevsky's deep convolutional neural network
model reduced image classification error rates by nearly 50% (MIT Technology
Review, 2013). Compared to the best traditional methods in 2011, the recognition
error rate dropped by 41.1%. By 2015, image recognition error rates based on deep
learning had surpassed human performance. Since then, deep learning has been
widely applied in fields such as speech recognition, image processing, and natural
language processing, profoundly influencing research directions in the
interdisciplinary field of Al. It has gradually evolved into a core node in the
interdisciplinary network, with strong interdisciplinarity and disciplinary cohesion.
These qualities not only drive technological breakthroughs in related fields but also
strengthen Al's critical position in the academic network of interdisciplinary fields.
From 2012 to 2015, there were 27 publications of "Computer Science, Artificial
Intelligence™ at Tongji University, citing a total of 70 categories across 17 major
categories fields (out of a total of 19, with Environmental Engineering and Infectious
Diseases being excluded). During this period, the most cited paper in the "Computer
Science, Atrtificial Intelligence” focused on improving the robustness of image
recognition through deep learning techniques. Specifically, the paper involved
training an autoencoder to extract shape and color features of objects from RGB
images. These features were then passed into a Recurrent Neural Network (RNN) to
extract multi-level features, resulting in hierarchical and robust feature
representations. Finally, the features from each subset were combined and sent to a
SoftMax classifier for object recognition.

"Engineering, Electrical & Electronic™ also performed notably during this period.
Electricity is an excellent carrier of both energy and information; it can be used to
collect, store, process, transmit, and present information, as well as distribute, store,
and convert energy in various forms. In simple terms, electrical and electronic
engineering is the modern method of managing information and energy. Devices,
circuits, and systems form the three foundational concepts of electrical and electronic
engineering. Devices are the basic elements that construct circuits, circuits serve as
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carriers for specific functions, and systems are overarching architectures composed
of multiple circuits to achieve complex objectives. This can be summarized as a
transition from "hard” to "soft,” where lower-level devices are closer to physics,
while higher-level systems are more aligned with software and algorithms. As such,
electrical and electronic engineering is a broad field that provides foundational
technological support for numerous research and application areas. Examples
include electronic systems widely used in aircraft and automobiles, precision
instruments for medical diagnosis and surgery, wireless communication technologies
enabling global connectivity, and semiconductor chip technologies supporting
advancements in computing and Al. These applications illustrate the profound
impact of electrical and electronic engineering on modern life and technological
development.

"Operations Research & Management Science" also demonstrated high diversity and
cohesion in the Al interdisciplinary field during 2012-2015, driven by its strong tool-
based nature, broad application scenarios, and deep integration with Al and big data
technologies. Operations research and management science focus on optimizing
resource allocation and planning activities to maximize the utility of limited
resources and achieve overall optimal objectives. To achieve this, mathematical
methods are often employed to construct problem models, establish corresponding
theories, and design and analyse solution algorithms. With advancements in
computing and Al, computational capabilities have increased millions of times
compared to traditional manual calculations, greatly expanding the application
scenarios of operations research and management science. Its methods and theories
are widely applied in fields such as engineering, economics, computer science,
transportation, and supply chain management, significantly promoting
interdisciplinary collaboration and knowledge integration.

Additionally, as a traditional strength of Tongji University, "Engineering, Civil"
significantly enhanced its diversity and cohesion during this period by leveraging the
rapid development of Al, a total of 4 papers was published, which collectively cited
25 different categories. Ji and Zhang (2012) utilized computer vision theory to
establish the mathematical relationship between image planes and real-world space.
This approach allowed for the capture of image sequences of planar targets mounted
on vibrating structures, taken from digital cameras. By analyzing these images, the
method could quantify structural dynamic displacements at the target positions,
providing a precise measurement of complex object motion. This contributed
significantly to structural displacement measurements in civil engineering projects.
Computer vision is an important branch of artificial intelligence, focused on visual
processing, which enables computers to "see" and understand visual content such as
images and videos, mimicking human vision. The core capabilities of current
computer vision systems are primarily based on deep learning models, which can
process visual data from cameras, videos, or images. These capabilities include tasks
such as image classification, object detection, pose estimation, image segmentation,
and facial recognition. The deep integration of computer vision with machine
learning has led to significant advancements in its applications across various fields.
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"Mathematics & Computational Biology,” as a typical representative of
interdisciplinary research, continued to build on its advantages from the previous
stage, further showcasing its critical role in the integration of bioinformatics and Al.
From the perspective of other quadrants, the number of categories in the Quadrant 11
decreased from 4 in 2008-2011 to 2 in 2012-2015. Among the 4 categories in the
Quadrant II during 2008-2011, all except for "Mathematics, Interdisciplinary
Applications” moved to the Quadrant I, while "Mathematics, Interdisciplinary
Applications” shifted to the Quadrant III, reflecting a decline in its academic
cohesion. In 2012-2015, the categories in the Quadrant II, "Neuroscience” and
"Multidisciplinary Sciences,” both from the Medicine field, had not appeared in the
previous two stages but emerged prominently in this phase. These disciplines exhibit
a relatively high level of academic cohesion, indicating their significant role in
connecting knowledge within the artificial intelligence interdisciplinary field.
However, due to their higher degree of specialization or the fact that their application
scenarios have not yet become widely generalized, their interdisciplinary diversity
remains relatively low.

In the Quadrant 1V, there are 6 categories, including "Transportation Science &
Technology,” "Computer Science, Cybernetics," "Integrative & Complementary
Medicine,” "Health Care Sciences & Services,” "Remote Sensing,” and
"Engineering, Environmental." These disciplines involve a broad range of
interdisciplinary content in their research areas, but their internal cohesion remains
weak, preventing them from forming tight structural connections within the
academic network.

The Quadrant Illremains the most populated quadrant, with 21 categories, similar to
the number in 2008-2011. These categories include "Robotics,” "Water Resources,"
"Engineering, Mechanical," "Optics", etc. Spanning across 10 major Categories
Fields. Among these, "Robotics" published 6 papers in this phase, citing 24 different
disciplines, but its academic influence remained concentrated in specific fields
without deep collaboration with other disciplines in the Al interdisciplinary field.
Consequently, its cohesion and diversity were relatively low.

In this phase, the disciplines "Astronomy & Astrophysics™ and "Geology™ with
betweenness centrality of 0. However, it is important to note that these fields are
increasingly influenced by Al, and their future potential for application and
interdisciplinary collaboration is promising.

Overall, from 2012 to 2015, the cohesion and diversity of categories in the Al
interdisciplinary field at Tongji University significantly increased. The number of
disciplines in the Quadrant I expanded from 6 in the previous phase to 11.
"Computer Science, Artificial Intelligence,” promoted the interdisciplinary research
and application of disciplines closely related to Al, such as "Engineering, Electrical
& Electronic," "Operations Research & Management Science," "Engineering, Civil".
Additionally, the number of disciplines in the second and fourth quadrants increased
significantly, suggesting strong potential for future growth toward the first quadrant.
Although most disciplines still cluster in the low cohesion—low diversity region
(Quadrant 1), this also provides new opportunities for academic development and
innovation in the future.
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The two-dimensional feature of Al research field during 2016-2019

The two-dimensional feature distribution of the categories in Tongji University's
artificial intelligence interdisciplinary field from 2016 to 2019 is shown in Figure 6
and Table 5. During this period, artificial intelligence exhibited new characteristics,
such as deep learning, cross-domain integration, human-machine collaboration,
collective intelligence openness, and autonomous control, driven by new theories
and technologies in mobile internet, big data, supercomputing, sensor networks, and
brain science, as well as the strong demands of economic and social development. In
2017, China's State Council released the New Generation Artificial Intelligence
Development Plan, explicitly emphasizing the need to seize major strategic
opportunities in Al development. Subsequently, in 2018, the Ministry of Education
issued the Artificial Intelligence Innovation Action Plan for Higher Education
Institutions to further advance Al development. Against this policy backdrop, 2016-
2019 became the initial phase of policy responses for Al development, and Tongji
University's interdisciplinary Al research entered a new phase. The number of
categories further increased to 102, and the Al interdisciplinary field gradually
permeated more categories, showcasing a robust trend of interdisciplinary
integration and development.
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Figure 6. The two-dimensional feature analysis chart of the categories of publications
(2016-2019). (To ensure clarity in the visualization given the high number of nodes,
only the labels of key nodes are retained in the chart).
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Table 5. Two-dimensional Features of the categories of publications (2016-2019).

Two-
Dimensional
Characteristics

Field of Categories

Category Names

Quadrant I :
High Cohesion -
High Diversity
(37 categories)

Medicine & Others

Neurosciences;
Multidisciplinary Sciences

Radiology, Nuclear Medicine &

Medicine Medical Imaging; Clinical
Neurology
Health Care Public, Environmental &

Occupational Health

Pharmacology

Mathematical & Computational
Biology

Psychology Psychology, Experimental
Physics Optics
. . Biochemistry & Molecular
Biomedicine .
Biology
Biology Biology; Optics

Computer Science and
Engineering

Computer Science, Information
Systems; Engineering,
Electrical & Electronic;
Computer Science,
Interdisciplinary Applications;
Computer Science, Artificial
Intelligence; Computer Science,
Theory & Methods;
Telecommunications; Computer
Science, Software Engineering;
Operations Research &
Management Science;
Transportation Science &
Technology; Engineering,
Multidisciplinary; Computer
Science, Hardware &
Architecture; Mathematics,
Interdisciplinary Applications;
Automation & Control
Systems; Engineering,
Industrial; Instruments &
Instrumentation

Environmental Sciences

1080

Environmental Sciences;
Imaging Science &
Photographic Technology;
Remote Sensing



Environmental

Engineering, Environmental

Engineering
. : Materials Science,
ChemlsFELy & Applied Multidisciplinary; Engineering,
ysIcs Biomedical; Physics, Applied
Chemistry, Multidisciplinary;
Chemistry Biochemical Research
Methods; Chemistry, Analytical
Information Science & Library
Management .
Science
Engineering Engineering, Civil
Computer Science and | Statistics & Probability;
Engineering Mathematics, Applied
Ouadrant II Engineering Acoustics
High Cohesion - psychology Psychiatry; Psychology,

Low Diversity (8
categories)

Multidisciplinary

Agriculture and Food

Biotechnology & Applied
Microbiology

Social Sciences

Economics

Pharmacology

Genetics & Heredity

Quadrant 11T :
Low Cohesion -
Low Diversity
(29 categories)

Environmental Sciences

Engineering, Geological; Soil
Science; Meteorology &
Atmospheric Sciences;
Geochemistry & Geophysics

Medicine

Respiratory System; Behavioral
Sciences; Peripheral Vascular
Disease; Surgery

Agriculture and Food

Agronomy; Plant Sciences

Thermodynamics; Engineering,

Engineering Marine; Architecture
Biomedicine Hematology

Computer Science and | Engineering, Manufacturing;
Engineering Robotics

Chemistry & Applied

Physics, Condensed Matter;
Chemistry, Physical;

Physics Metallurgy & Metallurgical
Engineering
Education & Educational
Research; Rehabilitation;
Psychology

Language & Linguistics;
Linguistics

Environmental
Engineering
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Physics

Astronomy & Astrophysics;
Physics, Mathematical

Social Sciences

Business, Finance

Pharmacology

Pharmacology & Pharmacy

Chemistry

Polymer Science

Quadrant IV :
Low Cohesion -
High Diversity
(26categories)

Social Sciences

Environmental Studies;
Transportation; Geography;
Urban Studies

Health Care Medical Informatics
Environmental Green & Sustainable Science &
Engineering Technology; Energy & Fuels
Physics Physics, Multidisciplinary
Construction & Building
Engineering Technology; Engineering,

Mechanical; Mechanics;
Planning & Development

Computer Science and

Computer Science, Cybernetics

Engineering
Biology Ecology
Chemistry & Applied Nanoscience &
Physics Nanotechnology

Environmental Sciences

Geosciences, Multidisciplinary;
Geography, Physical; Water
Resources

Management

Ergonomics; Social Sciences,
Interdisciplinary; Management;
Business; Hospitality, Leisure,
Sport & Tourism

Medicine & Others

Medicine, Research &
Experimental

Biomedicine Oncology
Medicine Neuroimaging
Categories with Computer Science and .
. . Logic
Betweenness Engineering
Centrality of 0 (2 Social Sciences Social Issues

categories)

From the perspective of the distribution in a two-dimensional quadrant, from 2016
to 2020, the number of categories located in the Quadrant I increased significantly
from 11 to 37 compared to the previous phase, includes 15 Fields of Categories. It is
the first time, the Quadrant 1 became the one with the most categories, breaking the
longstanding dominance of the Quadrant Il in terms of category numbers.
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During this phase, the influence of "Neuroscience™ in the interdisciplinary field of
artificial intelligence at Tongji University significantly increased. Neuroscience and
artificial intelligence are closely related fields. In 1945, John von Neumann, in a
paper outlining the architecture of modern digital computers, proposed that "the
operation of the nervous system is", in fact, "digitally encoded on the surface," thus
suggesting that the brain could inspire the development of computers. For example,
in artificial intelligence, some principles used in Artificial Neural Networks (ANNS)
are inspired by neuroscience. These include Convolutional Neural Networks
(corresponding to the visual cortex), Regularization (corresponding to steady-state
plasticity), Max Pooling (corresponding to lateral inhibition), Dropout
(corresponding to synaptic failure), and Reinforcement Learning, which reflect the
synergistic interaction between artificial intelligence and neuroscience. From 2016
to 2019, "Neuroscience™ published a total of 7 papers at Tongji University, which
cited 61 categories across 15 categories fields. The most cited paper during this
period was an article published in 2018, it based on brain CT data from patients and
healthy individuals, designed a novel 14-layer Convolutional Neural Network
(CNN) for the early detection and identification of multiple science (MS), achieving
an overall accuracy of 98.23% in the detection results (Wang et al., 2018).

The number of categories in the high cohesion-low diversity quadrant (Quadrant 1)
increased from 2 in the previous phase to 8, including "Statistics & Probability,"”
"Applied Mathematics," "Acoustics," "Psychiatry," "Psychology,
Multidisciplinary,” "Biotechnology & Applied Microbiology,” "Economics,” and
"Genetics & Heredity." These disciplines did not appear in the previous phase but
directly entered the high cohesion category in this phase, indicating that once these
disciplines emerged, they played a crucial role in connecting the academic network.
However, their disciplinary diversity in terms of citation range remains relatively
weak.

The number of categories in the low cohesion-high diversity quadrant (Quadrant V)
also increased significantly, from 1 in the previous phase to 26. These include
"Environmental Studies,” "Medical Informatics,” "Green & Sustainable Science &
Technology,” "Physics, Multidisciplinary,” etc., covering 13 categories fields.
Although these categories are not prominent in terms of their intermediary position
in the academic network, they are characterized by a large number and wide span of
cited disciplines in their research, making them representative of interdisciplinary
integration in the field of Al.

The number of disciplines in the Quadrant III (low cohesion -low diversity) ranks
second to the Quadrant I, with a total of 29 disciplines, an increase of 8 from the
previous phase. These disciplines are mostly from traditional fields or applied
research areas with more limited scope. They include Biomedicine fields such as
"Respiratory System," "Haematology," "Pharmacology & Pharmacy,"” Science
application field such as "Geotechnical Engineering,” "Thermodynamics,"
"Manufacturing Engineering,” "Chemical Engineering,” as well as foundational
fields such as physics, chemistry, and mathematics, and social sciences such as
"Education & Educational Research," "Business, Finance," and "Linguistics.” Many
of these are new categories that were not addressed in previous phases, with weaker
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interdisciplinary integration and cohesion, resulting in limited synergistic effects in
the cross-disciplinary field of artificial intelligence.

In this phase, only "Logic" and "Social Issues” had 0 betweenness centrality, and
both are considered "new categories™ in this study. These categories were included
precisely because they have gradually been influenced by artificial intelligence-
related fields. It is foreseeable that, with the further expansion and application of Al
technologies, these disciplines may strengthen their interdisciplinary collaborations
with other fields in the future, showcasing greater potential for integration.

Overall, from 2016 to 2019, driven by artificial intelligence-related policies in China,
Tongji University’ s interdisciplinary field of artificial intelligence also saw new
developments. More exploratory interdisciplinary research was conducted, such as
the integration of artificial intelligence and foundational fields like neuroscience.
During this phase, the overall diversity and cohesion of disciplines in the artificial
intelligence field at Tongji University were further enhanced. The number of
disciplines in the Quadrant I surpassed that in the Quadrant IIl for the first time, and
the number of categories in the Quadrant IVwas much greater than in the Quadrant
II. This suggests that high cohesion disciplines usually have higher disciplinary
diversity in their citations, but disciplines with high diversity in cited fields may not
necessarily have strong connectivity within the citation network. The core
interdisciplinary development of artificial intelligence disciplines also made
significant progress, not only broadening the scope of disciplines but also enhancing
the overall connectivity of the academic network, thereby laying a solid foundation
for deeper interdisciplinary collaboration and application in the future.

The two-dimensional feature of Al research field during 2020-2023

Between 2020 and 2023, the interdisciplinary field of artificial intelligence (Al)
experienced rapid growth under the combined influence of policy support,
technological advancements, and social demand. The number of categories increased
sharply, rising from 102 categories in the previous phase to 172 categories, with a
more diverse range of categories. This reflects the significant impact of Al
technology in driving development across related fields.
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Figure 7. The two-dimensional feature analysis chart of the categories of publications
(2020-2023).
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First, the number of categories in the high cohesion-high diversity quadrant
(Quadrant I) continued its growth, reaching 59 categories. These covered fields such
as Computer Science and Engineering, Environmental Sciences, medicine,
Engineering, and social sciences, encompassing nearly all of Tongji University's key
development areas. During this phase, Al technologies demonstrated stronger
disciplinary integration capabilities. Particularly with breakthroughs in deep
learning, automation and control systems, and Al applications in the medical field,
the ability of Al to drive interdisciplinary convergence significantly increased.
Second, compared to the previous phase, the overall distribution of disciplines in
terms of the two-dimensional vector shows a clear shift to the right, indicating that
the disciplines are accelerating their development towards higher diversity. At the
same time, the number of disciplines in the Quadrant IVwas significantly higher than
in other quadrants, with 86 disciplines, whereas the Quadrant II (high cohesion—low
diversity) only had 2 disciplines. This further validates the asymmetry of the two-
dimensional development of cohesion and diversity characteristics, namely that
categories with high cohesion tend to have high diversity levels, while high diversity
disciplines do not necessarily exhibit high cohesion.

Notably, it is worth noting that during this phase, no disciplines with betweenness
centrality of 0. This indicates that all disciplines in the literature have, to varying
degrees, connected with other disciplines within the interdisciplinary network of
artificial intelligence, further emphasizing the overall improvement in the
connectivity of Tongji University's Al cross-disciplinary field and the deepening of
interdisciplinary collaboration.

In conclusion, from 2020 to 2023, driven by relevant policies, Tongji University” s
interdisciplinary field of artificial intelligence entered a period of explosive
development. During this phase, the number of disciplines increased significantly,
and the overall disciplinary distribution shifted towards high diversity and high
cohesion. The degree of interdisciplinary integration further deepened. From the
two-dimensional distribution of disciplines in the literature, it is evident that artificial
intelligence has had a broad and profound impact on multiple disciplinary fields. It
not only holds a central position in computer science but has also deeply infiltrated
fields such as computational biology, medicine, civil engineering, urban planning,
transportation, environmental science, and agriculture in the natural sciences and
engineering technologies. Additionally, Al has influenced social sciences, including
psychology, education, sociology, and international relations, forming a pattern
driven by artificial intelligence at its core, characterized by deep interdisciplinary
integration. This underscores the key role of artificial intelligence in promoting
disciplinary convergence and innovative development.

Conclusion

We used Tongji University's publications on artificial intelligence as a case to study
Al's interdisciplinarity with the indicators of the diversity and cohesion of the
references of these publications. We collected the Al publications of Tongji
University and sliced them into five four-year periods, then calculated every period's
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indicators of the categories' diversity and cohesion, and plotted these categories in a
Cartesian coordinate system.

On the whole, from 2004 to 2023, the number of categories in the Al research field
has significantly increased. The overall distribution of categories has shifted from
low cohesion and low-diversity to high-cohesion and high-diversity. This
phenomenon indicates that Al has had a broad and profound impact on multiple
academic fields, and is deeply penetrated in the natural sciences and engineering
disciplines such as computational biology, medicine, civil engineering, urban
planning, transportation, environmental science, and agriculture. Additionally, Al
has influenced social science fields including psychology, education, sociology, and
international relations. This has led to a pattern where Al serves as the core driving
force for the deep interdisciplinary convergence and integration of multiple
disciplines, highlighting its critical role in promoting interdisciplinary convergence
and innovative development.

From the perspective of key nodes, "Computer Science, Artificial Intelligence™
initially resided in the Quadrant Il (low cohesion-low diversity), directly transitioned
to the Quadrant 1 (high cohesion-high diversity) during 2008-2011, where it has
since maintained its high cohesion and high diversity characteristics. In addition,
categories such as "Engineering, Electrical & Electronic,” "Mathematics &
Computational Biology," "Biotechnology & Applied Microbiology,” "Operations
Research & Management Science” and "Engineering, Civil" had already entered the
high cohesion-high diversity category before 2016, demonstrating strong
interdisciplinary integration capabilities. Examining the development history of
these categories reveals the critical role Al technologies have played in driving their
growth. "Neuroscience" and artificial intelligence are closely related fields., showed
a significant increase in its academic influence after 2016, reflecting the synergistic
interaction between artificial intelligence and neuroscience.

The research also found that the development of cohesion and diversity levels of
disciplines exhibits asymmetry. Specifically, categories with high cohesion tend to
have higher diversity, and are more likely to enter the high cohesion -high diversity
quadrant. However, categories with higher diversity do not necessarily exhibit strong
cohesion.

This study also counts the categories with a betweenness centrality of 0. Although
these categories do not serve as "bridges” or "mediators” in connecting any two other
categories, and contribute almost nothing to the overall network connectivity and
information flow, the trend in their numbers indicates that they have gradually
transitioned from isolation to integration in the field of Al. Furthermore, they have
increasingly been influenced by artificial intelligence, suggesting significant
potential for interdisciplinary applications and collaboration in the future.

Overall, this study demonstrates that artificial intelligence is not only a highly
interdisciplinary field but also a comprehensive and leading catalytic force that can
deeply merge with and permeate various disciplines. This power could be applied
and validated within other disciplines. Therefore, in the development of disciplines
at universities, it is essential to align with the trend of Al-enabled interdisciplinary
integration and actively explore the fusion of Al with traditional disciplines. For
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instance, civil engineering is evolving toward smart construction, mechanical
engineering is advancing toward intelligent manufacturing, and transportation is
progressing toward smart mobility. Al research should transcend disciplinary
boundaries, opening new journeys within the intersection and fusion of disciplines,
and moving toward broader frontiers.
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