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Abstract

In recent years, the field of artificial intelligence has achieved breakthrough
progress. How to adopt novel artificial intelligence technologies in natural sci-
ences to accelerate scientific discovery has become a focal point for both scien-
tists and the industrial community. Under the backdrop of multidisciplinary and
cross-domain integration, scientific big data mining, analysis, and knowledge
discovery rely on constructing an efficient, user-friendly, and scalable intelligent
analysis software system for scientific big data, which provides support through
learning models, algorithms, and development tools for complex data processing,
analysis, pattern extraction, and knowledge discovery. This article conducts a
comprehensive investigation of representative intelligent analysis software sys-
tems in typical scientific domains, comparatively analyzes their commonalities
and differences, and explores their development trends. Building upon this
foundation, the article proposes an integrated, customizable intelligent analysis
framework oriented toward scientific big data, which supports scientists in inter-
actively constructing intelligent analysis models and executing them efficiently,
thereby providing system and tool support for rapidly advancing scientific dis-
covery research.

Full Text

Current Situation and Trends of Intelligent Analysis Soft-
ware for Scientific Big Data

Abstract

In recent years, artificial intelligence has achieved breakthrough progress. How
to adopt new Al technologies in natural sciences to promote scientific discovery
has become a focal point for both scientists and industry. In the context of
interdisciplinary and cross-domain research, scientific big data mining, analy-
sis, and knowledge discovery depend on constructing an efficient, user-friendly,
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and scalable intelligent analysis software system that provides learning models,
algorithms, and development tool support for complex data processing, analy-
sis, pattern extraction, and knowledge discovery. This paper selects represen-
tative intelligent analysis software systems from typical scientific domains for
comprehensive investigation, compares and analyzes their commonalities and
differences, and discusses development trends. On this basis, we propose an in-
tegrated and customizable intelligent analysis framework for scientific big data
that supports scientists in interactively building intelligent analysis models and
executing them efficiently, providing system and tool support for rapid scientific
discovery research.

Keywords: scientific big data, intelligent analysis, data-intensive scientific dis-
covery, software system

The Fourth Paradigm of Scientific Discovery

In 2007, Turing Award winner Jim Gray delivered his famous speech “The
Fourth Paradigm: Data-Intensive Scientific Discovery,” categorizing scientific
research into four paradigms: experimental induction, model deduction, simula-
tion, and data-intensive scientific discovery, thereby proposing the new perspec-
tive of “scientific big data” widely known as the “fourth paradigm” [1]. After a
decade of technological development, advanced technologies such as deep learn-
ing have achieved breakthrough progress in Al fields including image, speech,
and natural language processing. In recent years, scientists in natural sciences
have also followed this trend, employing new technologies like deep learning
based on the new model of scientific big data-driven research, achieving a num-
ber of significant scientific discoveries published in authoritative academic jour-
nals such as Science and Nature. However, big data-driven scientific research
remains challenging for most scientific teams due to its heavy reliance on ad-
vanced information technologies.

Data-intensive scientific discovery is inseparable from software system support.
This paper focuses on typical software systems for scientific big data intelligent
analysis developed over the past decade. From the perspective of applicability,
scientific big data intelligent analysis software can be simply divided into two
categories: general-purpose and domain-specific. Based on deployment models,
these software systems can be classified into three types—single-machine envi-
ronment, distributed environment, and cloud computing environment—which
also represent three stages of intelligent analysis software development.

Classification by Deployment Environment

Single-Machine Environment Intelligent Analysis Software In com-
mercial data analysis software, Matlab provides a high-level programming lan-
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guage and interactive environment for algorithm development, data visualiza-
tion, data analysis, and numerical computation, with widespread application
across numerous scientific fields. Among many open-source free data analysis
software, R [3], Scikit-Learn [4], and Weka [5] are typical representatives. R is a
language for statistical analysis and graphics, providing rich statistical analysis
functions, and users can enhance R’s functionality by developing and installing
extension packages. Python has numerous scientific data analysis algorithm li-
braries, including Scikit-Learn, which is widely used in machine learning and
data mining. The Weka data mining platform, developed based on Java, pro-
vides a visual, drag-and-drop analysis process design interface and integrates
a large number of data preprocessing and machine learning algorithms. These
software systems were originally designed to run in single-machine mode and
cannot process large-scale data based on distributed storage, presenting inher-
ent limitations in big data scenarios. Additionally, these software systems lack
effective support for deep learning technologies.

Distributed Environment Intelligent Analysis Software In distributed
environments, big data analysis software provided by the open-source commu-
nity has become mainstream, with Hadoop Mahout and Spark MLIib [6] be-
ing typical representatives. Researchers have solved distributed parallel mining
problems by leveraging Hadoop and Spark frameworks, providing typical ma-
chine learning algorithms and models. In recent years, a batch of open-source
deep learning frameworks has emerged, such as TensorFlow, Caffe, CNTK, and
MXNet, for building and training deep neural network models, supporting dis-
tributed computing and heterogeneous computing . Although these open-source
software systems provide rich algorithm libraries and efficient distributed com-
puting platforms, they require professional programming development and sys-
tem configuration skills with steep learning curves, making them difficult for
scientific teams to use.

Cloud Computing Environment Intelligent Analysis Software Pro-
viding big data intelligent analysis services through cloud platforms has be-
come a standard offering of large public cloud platforms, and “machine learning
as a service” (MLaaS) has become a development trend among leading cloud
platform vendors. Azure Machine Learning (Azure ML) is a machine learn-
ing analysis service provided by Microsoft Azure [7], offering not only a large
number of general machine learning analysis algorithms but also an interactive
graphical development interface for data scientists. Similar MLaaS platforms
include Aliyun PAI. These systems typically support only a specific develop-
ment language and application programming interface (API), and users cannot
independently expand algorithm libraries, resulting in platform lock-in issues.
In addition to big data intelligent analysis services provided by public cloud
vendors, some scientific teams have deployed interactive analysis software with
“browser /server” architecture on public or private clouds, implementing a “sim-
plified” MLaaS. For example, Jupyter Notebook is interactive analysis software
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supporting “browser/server” architecture, enabling editing and running multi-
ple programming languages through a browser, with data processing, numerical
simulation, statistical modeling, machine learning, and visualization performed
on the server side.

General-Purpose vs. Domain-Specific Software

General-Purpose Scientific Big Data Intelligent Analysis Software
With the rapid development of big data and Al technologies, numerous soft-
ware systems have emerged. This paper selects commonly used, representative
intelligent analysis software systems and classifies them according to deployment
mode as described above.

Domain-Specific Scientific Big Data Intelligent Analysis Software
Natural sciences include numerous subdomains, each with specialized scientific
data analysis software. This paper selects several representatives for analysis
and divides them into two categories:

Classic Domain-Specific Scientific Data Analysis Software. These sys-
tems are specifically developed by scientists in particular domains and are suit-
able for specialized processing, computation, and analysis of data in those fields.
ROOT is open-source software developed by CERN, primarily used for data
processing, scientific computing, and visual analysis in particle physics experi-
ments, providing mathematical and statistical tools, parallel processing, neural
networks, and multivariate analysis packages, making it a typical tool for data
analysis in high-energy physics. AstroML is a machine learning and data min-
ing algorithm package for astronomy [8], built on Python algorithm libraries
such as NumPy, SciPy, and Scikit-Learn, providing loaders for multiple open
astronomical datasets and numerous case studies for astronomical data analysis
and visualization. Currently, such domain-specific software still adopts single-
machine deployment, cannot perform distributed parallel big data processing
and analysis, and has not yet integrated or supported deep learning technolo-
gies.

Emerging Domain-Specific Scientific Data Analysis Software. This
category refers to analysis software employing new technologies such as big
data, machine learning, and cloud computing. SDAP is currently an incubation
project of the Apache Software Foundation, a scientific big data analysis plat-
form for geophysical oceanography. SDAP relies on the NEXUS system for big
data processing, a software project developed by NASA’s Jet Propulsion Labo-
ratory (NASA/JPL) that employs Map/Reduce distributed parallel computing
technology to conduct scientific analysis on large datasets collected by various
NASA missions. The National Energy Research Scientific Computing Center
(NERSC) hosts the primary scientific computing facilities for the U.S. Depart-
ment of Energy’s Office of Science. Recently, NERSC has supported applying
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deep learning to climate research, neutrino experiments, and neuroscience re-
search, achieving a batch of breakthrough scientific discoveries. Researchers at
Verily Life Sciences (formerly Google Life Sciences) developed a deep learning
software tool called DeepVariant , which converts genomic information into im-
ages for analysis, significantly improving the accuracy of genetic variant identi-
fication. Google Earth Engine is a cloud platform provided by Google for online
visual analysis and processing of massive global-scale Earth science data (espe-
cially satellite data), enabling scientists in relevant fields to utilize the platform’s
long-term near-Earth satellite data and thousands of cloud servers for online
data processing and analysis, already achieving a number of high-visibility re-
search results. It is evident that Google Earth Engine’s characteristics—domain-
specific massive data, cloud-based distributed parallel computing, online mining
analysis algorithm libraries, and real-time map display—represent the develop-
ment trend of emerging scientific big data intelligent analysis software.

Development Trends of Scientific Big Data Intelligent Analysis Soft-
ware

The development trends of scientific big data intelligent analysis software exhibit
five important characteristics: Al empowerment, integration, cloud services,
open sharing, and customization.

(1) AT Empowerment. Scientists’ demand for employing new AT technologies
for scientific discovery in their research fields is increasingly high. Therefore,
in addition to providing domain-related basic operations and traditional algo-
rithms, intelligent analysis software needs to support the integrated application
of new AI technologies such as deep learning, natural language understanding,
and knowledge graphs, providing full-lifecycle tool support for training, testing,
deployment, and operation of Al models.

(2) Integration. Scientific big data intelligent analysis involves complex data
processing, analysis, pattern extraction, and knowledge discovery processes,
while existing big data frameworks and platforms suffer from high learning
curves and development costs. Therefore, beyond traditional “programmatic”
development models, it is necessary to provide domain scientists with simple and
easy-to-use “assembly-style” visual mining analysis environments that leverage
high-quality, reusable model and algorithm libraries for innovative design of
scientific big data analysis models, achieving integrated support covering data
source integration, code editing, process design, model and algorithm reuse, as
well as execution and visualization.

(3) Cloud Services. Cloud-service-based scientific big data intelligent analysis
software does not require local software installation and maintenance. Conse-
quently, on one hand, the browser becomes a unified portal interface for the
entire mining analysis process and management; on the other hand, models,
algorithms, and data sources will be shared and reused in the form of online
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APIs, a model also known as “function as a service.”

(4) Open Sharing. Major discoveries in cross-disciplinary science require com-
prehensive application of analysis models and algorithms from multiple domains.
Aggregating common models across domains to form a rich, high-performance
model and algorithm library will become the foundation for reducing develop-
ment difficulty and improving efficiency of comprehensive analysis models for
domain intersection. Meanwhile, sharing high-quality models and algorithms by
scientific teams from various domains will also promote the continuous evolu-
tion of software systems, making them more vital. For example, the R language
algorithm library CRAN is a model for cross-domain algorithm sharing, cur-
rently IRRTUWRT (Note: This appears to be a typo in the original, should be
“currently IRRT”) over 4,000 algorithms contributed by scientists from various
domains, attracting a large number of users.

(5) Customization. Data analysis patterns vary dramatically across different
scientific domains, and general, fixed big data analysis software cannot meet
the personalized analysis needs of specific domain scientific teams. Such person-
alized needs exist at various levels including analysis processes, data sources,
algorithm models, and visualization. Therefore, an ideal scientific big data in-
telligent analysis software should support domain customization and extension
in multiple aspects including data, model algorithms, and visualization views,
enabling domain scientists and software engineers within the domain to develop
unique components.

Reference Architecture for Scientific Big Data Intelligent Analysis
Software

Our team has completed the development of big data systems for multiple sci-
entific and industry domains in recent years and is currently undertaking the
development of the Earth Big Data Mining Analysis System (Big Earth Data
Miner) for the Chinese Academy of Sciences’ Strategic Priority Research Pro-
gram “Farth Big Data Science Project.” Through investigating the big data
analysis requirements of multiple domain scientific teams and analyzing current
situations and trends, we propose a reference architecture for next-generation
scientific big data intelligent analysis software (Figure 1 [Figure 1: see original
paper]).

The software system is deployed on cloud platforms, employing general big data
systems and machine learning systems as underlying computing support. On
this foundation, it provides scientific big data distributed computing processing
engines and machine learning engines that meet domain-specific requirements,
supporting special processes for scientific big data analysis and processing. Since
mining and analysis tasks exhibit characteristics of being both data-intensive
and resource-intensive, with significantly different service response requirements
such as real-time analysis, online analysis, and offline analysis, it is necessary to
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explore efficient resource management and task scheduling mechanisms to meet
the differentiated support needs of large-scale concurrent users.

The data resource library provides management of public data resources and
personal data resources, supporting users in conveniently and quickly searching,
importing personal data resources, and performing data sharing. The algorithm
and model library provides management of general algorithms and models as
well as domain-specific algorithms and models, supporting secondary develop-
ment, sharing, and performance optimization of algorithms and models. For
models trained based on big data, techniques such as transfer learning can be
explored to achieve cross-domain sharing.

The intelligent analysis environment provides multiple intelligent analysis
modes. The workflow mode primarily targets relatively fixed analysis scenarios
within domains; the code development mode mainly serves scientific teams with
research capabilities and flexible analysis needs; the visual interactive analysis
mode primarily serves application scenarios that rely on visual observation and
analysis. Future extensions could include virtual reality, augmented reality,
and additional analysis modes.

The software system provides online mining and analysis services through a
browser, enabling users to conduct one-stop analysis work after registering an
account. Throughout this process, the cloud service needs to ensure data secu-
rity for scientists and isolation of user analysis work. Furthermore, it is neces-
sary to explore the use of microservices architecture to achieve domain-specific
customization oriented toward different scientific domain requirements.

Science and technology constitute primary productive forces, and intelligent
analysis software for scientific big data is an important supporting tool for scien-
tific research. Domestic scientific teams have achieved world-renowned results
in many subdomains but have not released open intelligent analysis software
with global influence. Therefore, there is an urgent need for domestic scientific
teams to unite with information technology research teams, targeting cross-
domain scientific exploration and knowledge discovery, fully considering the big
data analysis needs of scientific teams from different domains, and designing
and developing more suitable intelligent analysis software systems for scientific
big data to contribute to human scientific and technological progress.
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