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Abstract

maximizes its societal benefit.

Governance.

This paper presents a comprehensive analysis of the global Artificial Intelligence for Science (Al4S)
landscape from 2015 to 2024. We define Al4S as the synergistic convergence of novel Al methods and
scientific discovery, establishing a new, model-driven research paradigm. Our analysis reveals explosive
growth in Al publications, with the Al4S share increasing by 6.4 percentage points; engineering 2and life
sciences exhibited the most rapid expansion post-2020. Core Al innovations, particularly large language
models (LLMs) and embodied intelligence, are driving transformative changes across mathematics, physical
sciences, life sciences, and engineering. Regionally, China leads in total publication volume and applied
innovation (e.g., patents, clinical trials), while the United States maintains an edge in high-impact research
quality. The paper concludes by outlining critical policy frameworks needed to address emerging challenges
in safety, ethics, data governance, and talent development to ensure Al4S advances responsibly and

Keywords: Artificial Intelligence; Al for Science (Al4S); Large Language Models (LLMs);
Embodied Intelligence; Scientific Discovery; Research Trends; Policy Frameworks; Ethics and

1. Introduction

The integration of Artificial Intelligence (Al) into
the scientific method, termed Al for Science (Al4S),
represents a paradigm shift in modern research.
This convergence leverages Al's capabilities in
pattern recognition, complex system modeling, and
large-scale data analysis to accelerate discovery
across nearly all scientific domains. Historically,
scientific research has evolved through empirical
observation, theoretical modeling, computational
simulation, and data-intensive science. Al4S now
introduces a fifth, "model-driven" paradigm that
integrates  data-driven  learning  with  prior
knowledge, automating hypothesis generation,
experimental design, and validation [2].

1.1. Defining the Al4S Paradigm

Al4S is fundamentally characterized by two
interconnected streams: Al innovation within
scientific research and Al-driven scientific
discovery. Traditional discovery is often a slow,
iterative process of manual hypothesis testing. In
contrast, Al4S employs a model-driven approach to
automatically uncover hidden patterns from
massive datasets, frequently bypassing initial
hypotheses and efficiently exploring vast solution
spaces. The integration of Al with robotics further
enables automated experimental design and
execution, using real-time data for optimization in
fields like materials science and fusion energy [6,
18]. A cornerstone of this paradigm is
knowledge-guided deep learning, where prior
scientific  knowledge is embedded into

models—exemplified by Physics-Informed Neural
Networks (PINNs)—to enhance generalization and
interpretability [15].

1.2.  Global
(2015-2024)
The period from 2015 to 2024 witnessed a dramatic
expansion in global Al and Al4S research output.
The total volume of Al-related academic
publications nearly tripled from 308,900 to 954,500.
This growth was significantly propelled by Al4S,
whose share of total Al publications increased by
6.4 percentage points. Post-2020, the average
annual growth rate for Al4S reached 19.3%, with
Engineering and Life Sciences showing the most
pronounced acceleration. Breakthrough
technologies like deep learning, generative models,
and reinforcement learning have empowered Al to
autonomously  generate  hypotheses,  design
protocols, and optimize research pathways.
Landmark achievements include AlphaFold 3 for
protein structure prediction [1] and Al-based global
weather models like GraphCast [3] and Pangu [4],
which demonstrate performance comparable to or
exceeding traditional numerical models.

Development and  Trends

1.3. Scope of the Analysis

This analysis systematically examines the AIl4S
ecosystem  through seven categories: the
foundational domain of Core Al technologies and
six application domains: Mathematics, Physical
Science, Life Sciences, Earth and Environmental
Sciences, Engineering, and Humanities and Social
Sciences.
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2. Literature Review: The Global Al4S Research
Landscape

2.1.  Publication
Leadership

The global output of Al publications showed a
steep upward trajectory, rising from 308,900 in
2015 to 954,500 in 2024. This growth was
primarily driven by the expansion of AIl4S
applications. A significant shift in regional
leadership occurred, with China surpassing the
European Union (EU) in 2018 to become the global
leader in total Al publication volume. By 2022,
China's output exceeded the combined total of the
US and the EU. India also demonstrated a
remarkable ascent, with its publication volume
nearly matching that of the US by 2024.

2.2. Research Quality and Applied Innovation
While China leads in volume, the United States
maintains a leading position in research quality, as
measured by citation counts in high-impact journals
(e.g., Nature Index). In 2020, the US reached
302,800 such citations, though China's count saw a
dramatic rise, securing second place globally by
2021. Conversely, China holds a decisive lead in
applied innovation, measured by citations of Al
research in patents, policy documents, and clinical
trials. China overtook the EU in 2016 and the US in
2019 in this metric, accounting for 41.6% of all
such citations worldwide by 2024. This indicates a
strategic focus on translating Al research into
tangible industrial and governmental applications
within China.

2.3. International
Disciplinary Focus
International collaboration remains robust despite
geopolitical tensions. The number of internationally
co-authored Al publications nearly tripled from
47,200 in 2015 to 133,000 in 2024, with the
China-US partnership being the world's largest
bilateral collaboration in Al. Disciplinary focus
varies significantly by region: China's Al4S output
is heavily concentrated in Engineering (38.9%),
followed by physical sciences. In contrast, the US,
EU, and UK exhibit a more balanced portfolio with
stronger emphasis on Life Sciences and Humanities
and Social Sciences.

3. Core Al Technologies:Foundations for
Scientific Acceleration

Core Al technologies provide the foundational tools
that enable scientific breakthroughs across
disciplines.

3.1. Large Language Models (LLMs) and
Autonomous Agents

LLMs, with parameter counts
hundreds of billions, have integrated vast
knowledge and enhanced logical reasoning,
marking significant progress toward broader Al

Volume and Regional

Collaboration and

reaching the

capabilities [14, 19]. The field is now exploring a
"second scaling law" focused on architectural
innovation and hardware-software co-design for
greater efficiency.

Knowledge Augmentation and Reasoning: To
overcome limitations in domain-specific knowledge,
techniques like Retrieval-Augmented Generation
(RAG) integrate external knowledge bases for
improved reliability [9]. Enhanced reasoning
mechanisms, mimicking human "think-reflect”
processes, have led to substantial improvements in
scientific analysis and complex programming.

Multimodality and Agency: Multimodal LLMs
(e.g., Gemini) integrate visual, auditory, and textual
data, expanding their practical utility. Building on
this, Autonomous Agents leverage LLMSs' cognitive
abilities for autonomous task planning, perception,
and tool use within multi-agent systems, enhancing
execution efficiency.

Challenges: Key challenges include
reasoning efficiency, developing unified
full-modality models, and establishing robust
frameworks for multi-agent collective intelligence.

improving

3.2. Embodied Intelligence and Brain-Computer
Interfaces (BCls)

Embodied intelligence, where Al perceives and acts
through a physical body, is advancing rapidly.
Breakthroughs in Visual-Language-Action (VLA)
models, such as RT-2, enable robots to generate
actions directly from natural language and visual
inputs. Concurrently, BCls are evolving from
unidirectional  neural signal decoding to
bidirectional brain-machine interaction. Deep
learning algorithms now allow for real-time,
high-precision decoding of complex neural signals,
such as imagined handwriting, enabling paralyzed
individuals to restore communication and motor
functions [21, 22]. Future development aims for
deeper brain-intelligence fusion.

3.3. Al System Security and Safety

The growing power of Al foundation models
necessitates a focus on endogenous safety. Threats
span the entire Al lifecycle, from adversarial
attacks and training data poisoning to “jailbreaking"
during inference.

Endogenous  Security: A proactive  approach
involves building intrinsic security architectures,
such as Dynamic Heterogeneous Redundancy
(DHR), which integrates trusted computing and
zero-trust principles to make safety a fundamental

property.
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Risk and Governance: It is critical to develop
automated evaluation tools, potentially using game
theory, to dynamically monitor model risks.
Proactive research into "red-line risks" like
self-replication and scheming is essential for
establishing a systematic risk  assessment
framework for frontier Al.

4. Research Work: AIl4S Applications Across
Disciplines

4.1. Al for Mathematics and Physical Sciences
Al publications in Mathematics grew from 21,200
to 41,200 between 2015 and 2024, underpinning
advances in theory and algorithms.

Mathematical Foundations: Tools from function
spaces and approximation theory are used to
analyze the expressive power of deep learning
models. The design of advanced models like
diffusion models is rooted in probability theory and
stochastic processes.

Optimization: Optimization  algorithms  (e.g.,

Stochastic Gradient Descent) are fundamental to Al.

Notably, LLMs are now used to translate natural
language problems into structured optimization
models, which are then solved by integrated
solvers.

In the Physical Sciences, publications surged to
70,700 by 2024.

Physics and Materials Discovery: Al, particularly
Graph Neural Networks (GNNs), is revolutionizing
computational physics. DeepMind's 'GNOME'
framework predicted over two million novel stable
crystal structures [13]. Al also enables intelligent
control in large-scale experiments, such as
optimizing plasma stability in tokamaks using deep
reinforcement learning [6, 17]. Furthermore,
methods like Symbolic Regression are facilitating
the discovery of new physical laws [20].

Chemistry and Energy: Al-powered robotic
chemists automate chemical synthesis [18].
Generative models accelerate the discovery of
novel materials [24]. In energy research, machine
learning transforms R&D from trial-and-error to a
closed-loop ‘design-verification' paradigm for new
battery and catalytic materials.

4.2. Al for Life Sciences and Health

Life Sciences Al publications soared to 120,700 by
2024.

Synthetic Biology: Al enhances gene editing
precision and optimizes mRNA vaccine design.
While  AlphaFold  revolutionized  structure
prediction [1], new diffusion model-based tools
(e.g., RFdiffusion) enable de novo protein design.

Al also optimizes microbial genomes for high-yield
bio-manufacturing.

Medicine and Neuroscience: Al has advanced
from computer-aided diagnosis to multimodal
systems. Medical LLMs (e.g., Med-PaLM2) and
Multimodal LLMs fuse imaging, genomic, and
clinical data to improve diagnostics and enable
precision medicine [10, 16]. In neuroscience, Al
aids in mapping brain connectomics and developing
high-performance BClIs for decoding motor
intentions [21, 22].

4.3. Al for Earth, Environmental Sciences, and
Engineering

Publications in Earth and Environmental Sciences
quadrupled to 35,600 by 2024.

Weather Forecasting: Data-driven Al models (e.g.,
GraphCast, Pangu) now demonstrate skill
comparable to conventional numerical weather
prediction at a fraction of the computational cost [3,
4, 11]. Challenges remain in forecasting extreme
events and incorporating physical constraints for
consistency.

Environmental Science: Al facilitates the fusion
of remote sensing and ground sensor data to
enhance  the analysis of  environmental
spatiotemporal changes and improve disaster
detection.

In Engineering, Al publications nearly tripled to
343,000.

Communications and Space: Al drives
next-generation  networks  toward  semantic
communication. Techniques like split learning are
critical for space applications, dynamically
partitioning large Al models between satellites and
ground stations to optimize resource use in LEO
constellations.

Microelectronics: Al is used throughout the
microelectronics lifecycle, from generative design
of semiconductor materials to the optimization of
manufacturing and circuit design processes, often
using physics-informed approaches to ensure
compliance with physical constraints.

5. Policy Frameworks and Future Directions
The pervasive impact of Al4S necessitates robust
governance to ensure its responsible advancement.
5.1. Future Research Directions

Evolution of Al Models: Pursue general-purpose
Al with cross-domain capabilities through new
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scaling laws, efficient reasoning methods, and
multi-agent collaboration.

Transdisciplinary  Integration: Foster  deep
collaboration to build unified multi-scale modeling
frameworks, from molecules to ecosystems.

Ethics and Safety: Establish a "brake system™ for
Al by enhancing model interpretability and fairness
[23], innovating in privacy-preserving technologies
like differential privacy [7], and ensuring Al
systems remain value-aligned with human interests.

5.2. Essential Policy Frameworks

Data Sharing and Security: Promote standardized,
open-access data platforms while implementing
strict security protocols (e.g., differential privacy,
federated learning) for sensitive data.

Algorithm, Talent, and Governance: Encourage
open-source sharing of key algorithms and foster
industry-academia partnerships. Policies must also
improve interdisciplinary education to cultivate
Al4S talent and establish clear legal and ethical
governance with defined accountability structures.
The symbiotic relationship between Al and
science,where scientific problems drive Al
innovation, and Al, in turn, solves scientific
problems,will continue to propel human discovery,
provided that effective governance evolves in step
with technological capability.

5. Conclusion

Al for Science is a global phenomenon that is
fundamentally reshaping the scientific research
paradigm. The rapid growth in Al4S publications,
especially in engineering and life sciences,
underscores its critical role in tackling complex
challenges. The global landscape is characterized
by a division of labor: the US leads in high-impact
research quality, while China dominates in volume
and the translation of research into applied
innovation. Foundational advancements in LLMs,
embodied intelligence, and other core Al
technologies are the engines of this revolution,
replacing traditional manual approaches with
automated, hypothesis-generating, and closed-loop
discovery systems across all scientific disciplines.
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