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Abstract

After more than ten years of continuous construction and development, the
China Virtual Observatory (China-VO) has become an important technical and
resource platform supporting astronomical observation, research, and education.
With the advent of the era of multi-messenger astronomy and time-domain
astronomy, the virtual observatory also needs to upgrade its core capabilities
to provide more precise services and technical support for astronomers. To this
end, the China-VO team compiled a list of core technical requirements based
on the development direction of astronomy and information technology trends,
and conducted a survey among experts and users in the field in the form of
a questionnaire. Through statistical analysis of the survey results, China-VO
has clarified its main direction of effort and objectives for the coming period,
planning to adopt a platform-based development model and open third-party
development interfaces to attract more interested developers to create practical
tools based on virtual observatory resources, thereby better achieving the rapid
transformation of resources and technology into services.
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Abstract: After more than ten years of construction and development, the
China Virtual Observatory (China-VO) has become an important technology
and resource platform supporting astronomical observation, research, and ed-
ucation. With the advent of multi-messenger astronomy and time-domain as-
tronomy, the virtual observatory must also upgrade its core capabilities to pro-
vide astronomers with more precise services and technical support. To this
end, the China-VO team compiled a list of core technology requirements based

chinarxiv.org/items/chinaxiv-201907.00024 Machine Translation


https://chinarxiv.org/items/chinaxiv-201907.00024

ChinaRxiv [$X]

on the development direction of astronomy and information technology trends,
and conducted a survey among experts and users in the field via questionnaire.
Through statistical analysis of the survey results, China-VO has clarified its
main development directions and objectives for the coming period, planning to
adopt a platform-based development model and open third-party development
interfaces to attract more interested developers to create practical tools based
on VO resources, thereby better achieving the rapid transformation of resources
and technology into services.

Keywords: Virtual Observatory; Functional Requirements; Multi-messenger
Astronomy; Time-domain Astronomy

0 Current Status of Virtual Observatory

As astronomy continues to develop and scientific collaboration becomes increas-
ingly extensive, traditional research models must evolve. Around 2000, as-
tronomers proposed a cross-disciplinary concept spanning astronomy, computer
science, and information science—the Virtual Observatory (VO)—to standard-
ize all processes of astronomical data access. The VO is an environment that
seamlessly and transparently connects astronomical research resources world-
wide through advanced information technology for data-intensive networked as-
tronomical research and science education [1]. By leveraging the most advanced
computer and information technologies, the VO integrates various astronomical
research resources—including observational data, astronomical literature, com-
puting resources, storage resources, software services, and even observational
facilities—into a physically distributed yet logically unified system through a
unified service model. After nearly two decades of development, the VO has
unified access standards across various data service systems and has become an
important information technology support platform for astronomical research.

The concept of China-VO was proposed against this backdrop. The key research
and development areas of China-VO include the development of the China-VO
system platform, unified access to domestic and international astronomical re-
search resources, VO-based astronomical research demonstrations, and astro-
nomical science education [2]. The goal of China-VO is to serve as a bridge and
link between astronomy and information technology, promoting the application
of advanced information technologies to astronomical research.

In 2013, China-VO began developing its public service platform based on the
CloudStack cloud computing middleware, deploying cloud nodes in multiple lo-
cations across China. Starting in the second half of 2016, leveraging the strate-
gic partnership between the National Astronomical Observatories and Alibaba
Cloud, China-VO comprehensively explored a hybrid architecture solution com-
bining “public cloud + private cloud.” The China-VO cloud service platform
fully utilizes existing network, storage, and computing infrastructure at various
observatories and within the Chinese Academy of Sciences. By employing ad-
vanced key technologies from the information and VO fields, and focusing on
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the pipeline of astronomical observation data submission, sharing, and usage,
as well as time application and approval for domestic core astronomical obser-
vational facilities, the platform integrates resources required for astronomical
observation and research activities, such as computing, storage, and software,
to form a physically distributed yet logically unified networked scientific research
platform.

Currently, the China-VO public service platform has developed seven nodes,
including the National Astronomical Observatories (Beijing), Purple Mountain
Observatory (Nanjing), Shanghai Astronomical Observatory (Shanghai), Yun-
nan Astronomical Observatory (Kunming), Xinjiang Astronomical Observatory
(Urumgqi), Nanjing University (Nanjing), and Alibaba Cloud (Hangzhou). It
provides data management and open sharing services for over ten observational
facilities, including the Xinglong LAMOST, the 13.7-meter millimeter-wave tele-
scope, the Sheshan 1.56-meter telescope, the Lijiang 2.4-meter telescope, and
the Nanshan 25-meter telescope. It also provides time application services for
telescopes such as the Lijiang 2.4-meter and Xinglong 2.16-meter telescopes, of-
fers cloud-based teaching environments for the University of Chinese Academy
of Sciences and Nanjing University, provides virtual machine services for over a
thousand scientific researchers, has discovered 19 supernovae and novae based
on domestic amateur observational data, and has more than 21,000 registered
users. In early 2015, China-VO was selected as one of the “Top Ten Excel-
lent Cases of Informatization for Scientific Research of the Chinese Academy
of Sciences.” In the era of “Internet+” and big data, China-VO is playing an
increasingly important role in providing information technology support for the
development of astronomy.

1 New Requirements and Challenges

With the discovery of the binary neutron star merger gravitational wave event
GW170817 and its electromagnetic counterpart [3], as well as the identification
and characterization of the BL Lac blazar associated with the high-energy neu-
trino IceCube-170922A [4], astronomy has entered a new era of multi-messenger
scientific discovery. At the same time, time-domain survey projects represented
by LSST and SKA have ushered in a new era of exploration and discovery in
time-domain astronomy, while also bringing enormous challenges. The develop-
ment of multi-messenger astronomy and time-domain astronomy strongly relies
on information technology, requiring a powerful network system architecture
that includes data processing pipelines, archiving, automatic event detection,
classification and release, and efficient data fusion. Astronomy is transition-
ing from a discovery-driven science to a data-driven, science-guided science—
namely, data-intensive science. The goal of the VO is precisely to transform as-
tronomy from the old data-poor research paradigm to a new data-rich research
paradigm, fully leveraging information technology to address the challenges of
the data-intensive multi-messenger astronomical discovery era.

The challenges brought by this new era impose higher demands on the technical
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support capabilities of the VO. Although China-VO has accumulated consid-
erable resources and technologies, there remains a significant gap between its
current capabilities and the research capabilities and technical requirements
needed for time-domain astronomy and multi-messenger astronomy. The PB-
level data streams generated by new-generation observational equipment present
new challenges for data processing and mining, with a key aspect being real-time
processing and analysis of big data streams [5][6]. Since many multi-messenger
and time-domain observational events are transient, event detection and timely
follow-up observations are crucial. This requires data processing to begin si-
multaneously with data acquisition from telescopes, automatically and reliably
detecting and analyzing transient events, and arranging timely follow-up ob-
servations based on priority. Additionally, there is a need for programmatic
telescopes to replace manual scheduling and execution of time-domain observa-
tions, and to automatically complete the discovery and classification of time-
domain events. These requirements can be summarized as “efficient fusion of
multi-band, multi-messenger massive data.” Data fusion and interoperability are
core scientific objectives and technical capabilities of the VO. Previous research
on data fusion has primarily focused on multi-band aspects, while research on
multi-messenger data fusion is just beginning. Moreover, traditional data fusion
and interoperability research has mostly been conducted to meet the needs of
conventional research projects rather than the requirements of time-domain as-
tronomy scientific programs or even scientific engineering projects, without seri-
ous consideration of performance issues such as completion deadlines. Therefore,
China-VO currently does not fully possess the conditions for “efficient fusion
of multi-band, multi-messenger massive data” and urgently needs to enhance its
core capabilities.

2 Core Capabilities Survey

Based on this understanding, the China-VO team compiled a list of key technical
requirements related to time-domain astronomy and multi-messenger astronomy,
and solicited feedback from experts on the China-VO Academic Committee and
a broad user base through a survey questionnaire. The questionnaire aimed to
determine the main development directions and objectives for the coming period.
The survey covered various aspects of services provided by the China-VO team,
including file storage services, data retrieval services, data visualization, cross-
matching services, online computing services, remote observatory automation
control, automated data classification methods, and platform expansion, total-
ing eight sections. Each section contained several specific key technical points,
amounting to 23 specific requirements. The questionnaire described the appli-
cation scope and technical characteristics of each key technology, as detailed in
Table 1 .

We conducted a survey of cutting-edge technologies for each of these eight sec-
tions. Achieving efficient file storage services and data retrieval services has
always been a research hotspot in the VO field. In addition to high-speed lo-
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cal data reading and writing, with the continuous construction of multi-node
data centers, remote data retrieval and tiered storage have also become current
research priorities. Astronomical data storage formats are relatively diverse,
with mainstream formats including FITS, CASA, and HDF5. Large amounts
of fragmented data result in extremely high I/O consumption, making it ur-
gent to implement parallel reading and writing strategies and distributed stor-
age strategies for massive data, and to provide seamless data access services.
Currently, popular distributed parallel storage systems in the industry include
Lustre, Haystack, HDFS, and TFS. Their design concepts are basically similar,
primarily comprising an underlying file storage system and a directory service
that enables efficient file storage and retrieval through directory indexing. In
addition to distributed file storage systems, efficient data storage and retrieval
also rely on efficient indexing techniques. The right ascension and declination of
celestial objects are two-dimensional vectors, and indexing celestial coordinates
can be achieved by mapping two-dimensional vectors to one-dimensional data.
A feasible approach is to divide the celestial sphere into multiple sub-regions
and assign unique identifiers to these sub-regions to achieve spatial indexing.
Commonly used methods include the Hierarchical Triangular Mesh (HTM),
HEALPix, and Zones algorithm, which have been employed in projects such
as SDSS, MUSER, and LSST.

Data visualization includes image layered visualization and catalog layered visu-
alization, primarily used for displaying all-sky maps and all-sky catalog distribu-
tions. The emphasis here is on layered visualization, which refers to progressive
visualization of massive data based on conditions such as resolution and magni-
tude. Commonly used methods include Level of Detail (LOD) techniques, with
main implementations including quadtree and octree algorithms. The Skyview
system from the U.S. MAST and the Aladin system from the French CDS have
both achieved all-sky image mosaicking under big data conditions.

The core method of cross-matching is calculating the distance between two tar-
gets; if the distance is less than a threshold, the two targets are considered
the same celestial object. Research on cross-matching has achieved a series
of results both domestically and internationally, such as the nearest neighbor
algorithm based on HTM index partitioning and kd-tree [7], the distributed
cross-matching method based on MapReduce [8], and the GPU cluster algo-
rithm based on HEALPix and the Zones Algorithm [9]. However, many key
technologies still need to be breakthrough in multi-band, multi-messenger data
cross-matching and confidence estimation.

Automated data classification methods primarily target massive data analysis
in the time-domain astronomy field. With the continuous deployment of new-
generation observational equipment, massive amounts of transient source obser-
vational data in different bands will be obtained, and existing data classifica-
tion methods can no longer meet the processing requirements of the big data era.
Leveraging artificial intelligence methods, especially deep learning methods, will
be a feasible path. For image data classification, deep learning methods have
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developed a series of networks that have been tested in practical applications,
such as ResNet, AlexNet, and VGG in convolutional neural networks, all of
which can be applied to the classification of image data and even spectral data
in different bands.

The main objective of online computing services is to facilitate convenient and
efficient data processing for researchers, eliminating the need to download large
amounts of data from online storage to local machines or deploy complex data
processing environments on local computers. Instead, data preprocessing, com-
putation, and analysis can be performed directly through an online platform.
CasJobs is such an online work platform for large scientific databases, provid-
ing powerful database retrieval and operation functions in the form of a web
application. Initially developed for online processing of SDSS data, it has now
been integrated by the China-VO team into the processing system for LAMOST
survey catalog data. Jupyter Hub has also been widely used for online process-
ing of astronomical data. Its usage is similar to Jupyter notebook, providing
an online platform for writing and running Python programs. It can support
multi-user login, with a powerful computing cluster in the backend and strong
scalability, making it an excellent platform for implementing online computing
services.

Remote observatories have developed rapidly in recent years due to their unique
advantages in continuous observation and rapid response. A series of time-
series survey programs based on remote observatories have been carried out
both domestically and internationally, such as ROBONET, ROTSE-III, and
BOOTES, which have been well applied in optical observation and research of
gamma-ray burst afterglows and other transient sources. Remote observatories
consist of telescopes, equatorial mounts, domes, computers, weather stations,
all-sky cameras, and other equipment, with multiple automated software and
hardware subsystems that achieve programmatic observation functions through
coordinated control. After years of investigation and research, China-VO has
proposed and designed an embedded hardware integration system that serves as
a bridge between users and observatory equipment to facilitate integrated con-
trol and extensible transplantation of various subsystems [10]. Future work will
further optimize this system, focusing on intelligent observation applications.

Platform expansion and construction primarily cover the improvement of China-
VO’ s own service capabilities, including more flexible user permissions, inte-
gration of practical research tools, convenient third-party application develop-
ment interfaces, and platform implementation based on private or public clouds.
These infrastructure-based functional expansions can provide users with better
service experiences and further enhance user engagement.

3 Survey Results Analysis

The survey was conducted through both email and online questionnaires, receiv-
ing 12 responses from China-VO Academic Committee experts and 65 responses
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from China-VO mailing list and web users. The user group primarily included
astronomy researchers and graduate students, all of whom had experience using
the China-VO public service platform.

3.1 Statistical Method

When compiling feedback statistics, expert responses were weighted three times
higher, equivalent to 101 questionnaires in total. Based on the questionnaire
score multiplied by the proportion of the score count to the total, scores were
calculated for the eight major categories and 23 specific requirements in the
questionnaire.

3.2 Survey Results

Figure 1 [Figure 1: see original paper] shows the specific feedback results for the
eight major categories, sorted by score (scored 0-5, with higher scores indicating
greater importance). The highest-scoring item was file storage service (3.89
points), followed by data retrieval service (3.87 points), data visualization (3.68
points), cross-matching service (3.52 points), online computing service (3.39
points), remote observatory automation control (3.36 points), automated data
classification methods (3.21 points), and platform expansion (3.11 points).

Figure 2 [Figure 2: see original paper] shows the scores for the 23 specific
requirements. Additionally, responses from China-VO Academic Committee
experts were analyzed separately. Expert scores were not significantly different
from the overall scores: file storage service (4.11 points), data retrieval service
(3.96 points), data visualization (3.92 points), automated data classification
methods (3.59 points), cross-matching service (3.47 points), online computing
service (3.44 points), platform expansion (3.03 points), and remote observatory
automation control (2.86 points). The difference between expert scoring and
overall scoring is shown in Figure 3 [Figure 3: see original paper]. Experts gave
slightly higher scores across all categories, indicating strong recognition of the
VO team’ s requirement compilation. However, expert scores for automated
data classification methods and remote observatory automation control differed
significantly from the overall scores, suggesting that experts and users hold
different opinions on these two types of requirements.

3.3 Analysis and Reflection

The feedback results indicate that data accessibility and ease of data operation
remain core requirements for the VO. Astronomers’ primary concern has always
been how to analyze and process data more conveniently. Currently, the Chi-
nese Astronomical Data Center maintained by China-VO provides archiving and
query services for 21 datasets, allowing users to perform online data retrieval
and download directly. The public service portal provides virtual computing
and storage resource services, enabling users to customize required computing
and storage resources through the cloud platform’ s online console. Additionally,
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based on the strategic partnership between the National Astronomical Obser-
vatories and Alibaba Cloud, users can also utilize Alibaba Cloud’ s computing
resources. However, the VO has not yet achieved integrated online services for
data retrieval and processing. Improving service usability and convenience will
be a key focus of future work.

Data visualization, cross-matching services, and online computing services are
extensions of data processing requirements and breakthrough points for pro-
viding convenient services. The China-VO team has already conducted some
preliminary work, including the “WorldWide Telescope” astronomical data visu-
alization platform developed for astronomical science education, and the release
of commonly used data processing environments in the form of cloud virtual
machine templates, such as the virtual machine processing template developed
for the multi-band data processing course at the University of Chinese Academy
of Sciences, which includes scientific data processing program libraries such as
CFITSIO, Graphviz, and GSL. Users can conveniently use these by generating
virtual machines based on the template. In the future, while improving ser-
vice usability and convenience, China-VO will also strengthen the promotion
of relevant resources and services, enabling users to better understand existing
China-VO functions and thereby providing higher-quality services.

Achieving integrated online services for data storage, retrieval, and processing
has always been the goal of China-VO. However, significant difficulties remain
in meeting the VO’ s core requirements, primarily the contradiction between the
high difficulty and large scale of requirements and the insufficient number of VO
R&D personnel. Converting China-VO’ s accumulated data, storage, and com-
puting resources into efficient and convenient services requires a large number
of R&D personnel, but under the current system, further increasing researcher
positions is unrealistic. Therefore, China-VO plans to adopt a platform-based
development model by opening VO third-party development interfaces to at-
tract more interested developers to create practical tools based on VO resources,
achieving rapid conversion of resources and technology into services.

Figure 4 [Figure 4: see original paper| shows the architecture design for the
next phase of the China-VO platform. The bottom layer is the resource layer,
which includes not only hardware resources such as storage servers and com-
puting servers but also various datasets archived by China-VO. Above the re-
source layer is the key technology layer, which connects downward to invoke
hardware resources in the resource layer through virtualization technology and
data resources through data retrieval algorithms and database tools. It also en-
capsulates various key technologies involved in the VO into libraries to enable
on-demand computing based on hardware and data resources. These encapsu-
lated key technologies include data retrieval methods, cross-matching methods
between different catalogs, various astronomical data visualization methods, and
machine learning-based data classification methods, which can be gradually ex-
panded as R&D progresses.

Above the key technology layer is the interface layer, which will be the focus of
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China-VO’ s next-phase construction. By encapsulating VO hardware and soft-
ware resources and key technologies into Application Programming Interfaces
(APIs) and releasing them to the broad astronomical community, along with
comprehensive documentation and training support, astronomers will be able
to build new applications according to their research needs. Based on the survey
results, APIs related to file storage, data retrieval, data visualization, and cross-
matching will be prioritized for release, with corresponding documentation and
sample application code published on the China-VO website.

Applications built by researchers through the China-VO API can be registered
on the China-VO platform for use by more users. These applications will con-
stitute the application and service layer of the China-VO platform. Based on
unified application development standards and frameworks, these applications
can run cross-platform in mobile and desktop browsers, and under unified user
account management, users can seamlessly access different platform applications
and data.

4 Summary and Outlook

In summary, through this core functional requirements survey, China-VO has
clarified its construction priorities and objectives for the next phase. The China-
VO team will focus on improving data accessibility and ease of data operation,
and strive to enhance online services such as data visualization, cross-matching,
and online computing. However, the contradiction between high demand for
the VO and insufficient R&D personnel is becoming increasingly prominent.
To address this, China-VO will adopt a platform-based development model by
opening VO interfaces to attract developers to create more practical services
and tools based on VO resources and key technologies, and share them through
the China-VO platform. Through this approach, China-VO will continuously
enhance its core capabilities, forming an application ecosystem oriented toward
research needs, thereby better addressing the challenges brought by the era of
time-domain astronomy and multi-messenger astronomy.

This paper acknowledges the data resources and technical support provided
by the National Astronomical Data Center. We thank all experts and users
who participated in this survey and analysis discussions, and we thank the
National Astronomical Observatories-Alibaba Cloud Joint Research Center for
Astronomical Big Data for its support of this work.
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