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Abstract
With the progression of sky survey observation programs, traditional database
technologies can no longer meet the storage and retrieval performance re-
quirements for massive astronomical datasets. This paper addresses the
high concurrency and high-performance challenges associated with massive
astronomical data storage and cone search by employing database middleware
technology. When data volume reaches the storage threshold of traditional
databases, middleware technology enables storage across database clusters
through database and table sharding, thereby fully integrating the advantages
of relational databases and distributed technologies. In this work, by integrating
the DIF plugin with MySQL databases, a pseudo-spherical index is established
within distributed databases to satisfy the cone indexing requirements of
massive astronomical data.
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Abstract: With the advancement of sky survey programs, traditional database
technologies can no longer meet the storage and retrieval performance require-
ments of massive astronomical data. This paper addresses the high concurrency
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and performance challenges in storing massive astronomical data and perform-
ing cone searches by employing database middleware technology. When massive
data reaches the storage threshold of traditional databases, middleware technol-
ogy enables storage in database clusters through sharding, fully integrating the
advantages of relational databases and distributed technology. In this work, we
integrate the DIF plugin with MySQL databases to establish a pseudo-spherical
index in distributed databases, which satisfies the cone search requirements for
massive astronomical data.
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0 Introduction
In recent years, with the continuous improvement of large astronomical observa-
tion facilities and unprecedented enhancement in data acquisition capabilities,
numerous astronomical survey projects have emerged both domestically and in-
ternationally. For instance, China’s independently designed LAMOST (Large
Sky Area Multi-Object Fiber Spectroscopic Telescope) collects 20 GB of spec-
tral data per night [2]; the Vera C. Rubin Observatory’s LSST (Large Synoptic
Survey Telescope) acquires up to 15 TB of raw observation data nightly; and
the Square Kilometre Array (SKA), a large-scale scientific facility with inter-
national collaboration and the world’s largest radio observatory, is expected
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to produce approximately 300 PB annually. Against this backdrop of big data,
exploring efficient and scalable retrieval methods for massive astronomical data
has become an urgent challenge in the field of astronomical observation.

Traditional scientific data retrieval relies on relational databases, which offer
satisfactory efficiency for non-massive structured data through indexing mech-
anisms. However, as astronomical observations have expanded from optical
to full-band coverage, traditional databases cannot withstand the impact of
exponential data growth. NoSQL systems typically employ key-value storage
formats where all data values under the same key are stored together for fast
access. Researchers have proposed systems like AstroSpark [4] and FASTDB
[5] based on distributed array databases, which offer advantages such as low
latency, scalability, and high cost-effectiveness. Nevertheless, due to their un-
derlying storage format, these systems lack advanced features of the relational
model and compromise ACID properties [6].

In recent years, NoSQL has evolved into NewSQL. NewSQL systems are essen-
tially relational DBMSs that support SQL, indexing, and schema, maintaining
not only ACID transaction properties but also achieving the same scalability as
NoSQL. Their basic architecture is a parallel DBMS that outperforms MapRe-
duce frameworks in query load [7]. Distributed relational databases combine tra-
ditional relational databases, distributed clusters, and distributed transactions,
offering high compatibility with traditional databases while better supporting
SQL and transaction processing [8].

However, even in powerful distributed relational databases, the direct retrieval
approach cannot meet current astronomical data retrieval requirements due to
the increasingly large data volumes published by major sky survey projects. Ef-
fective spherical indexing is essential for accessing large-scale catalog datasets.
Currently, widely used pseudo-spherical indexing methods include HTM (Hierar-
chical Triangular Mesh), HEALPix (Hierarchical Equal Area isoLatitude Pixeli-
sation), and Q3C (Quad Tree Cube) [9]. After establishing appropriate spherical
indexes, cone search can be implemented for large-scale catalog datasets. Cone
search, a specialized retrieval method in astronomy [14], defines position infor-
mation in celestial coordinates using right ascension (R.A.), declination (Dec),
and angular distance (SR). It typically queries a conical region centered at (Tra,
Tdec) with radius SR to retrieve information about relevant celestial objects,
i.e., target objects (Sra, Sdec). This paper integrates the DIF indexing tool into
distributed MySQL database clusters, enabling distributed relational databases
to establish pseudo-spherical indexes for efficient cone search.

Section 1 investigates the basic framework of database middleware technology,
proxy modes, and high-availability architecture, using sharding and read-write
separation to horizontally scale MySQL databases while supporting transac-
tions and ACID properties. Section 2 introduces the DIF indexing tool, which
establishes pseudo-spherical indexes suitable for sharding rules and implements
cone search through built-in functions. Section 3 presents the experimental
framework design and cone search services under this architecture. Section 4
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compares DIF tool functions with the great-circle formula for cone search, an-
alyzes database node configurations, HEALPix index levels, and performance
differences between standalone and distributed retrieval.

1 Database Middleware
Database middleware encapsulates underlying data to enable database opera-
tions similar to single-database usage. Two typical middleware patterns exist:
server-side proxy (database proxy) and client-side proxy (data source proxy).
The database proxy approach uses a proxy server to manage multiple database
instances. Clients establish connections to the proxy server through data sources,
and all SQL operations are distributed by the proxy to underlying databases,
with results integrated and returned to clients through the proxy.

The data source proxy approach internally manages multiple ordinary data
sources. Client SQL operations undergo parsing, rewriting, and other processing
by the data source proxy before being distributed to ordinary data sources for
execution, with results merged and returned by the proxy [10].

Analyzing the SQL processing workflow, database middleware can parse client
transaction requests, perform SQL parsing, optimization, and routing analy-
sis, split them into executable thread tasks for databases, and distribute them
to multiple database servers according to predefined sharding rules, effectively
alleviating load pressure on single databases and achieving peak shaving. To
support high availability, a configuration center and monitoring service can be
added to form a simple high-availability architecture. The monitoring service
detects cluster status and pushes change information to the configuration center
upon changes. The database proxy then pulls configuration updates from the
configuration center to refresh database configurations, as shown in [Figure 1:
see original paper].

To reduce the load and overhead of cone search services, master-slave read-
write separation distribution and sharding can be employed, enabling horizontal
database scaling and improving cone search efficiency and concurrency.

1.1 Sharding

Sharding is the core function of database middleware. Common partitioning
methods include vertical and horizontal partitioning. In distributed systems,
horizontal sharding is typically used to address single-database bottlenecks and
relieve access pressure. Using MySQL relational databases for horizontal parti-
tioning, the global relationship N table is divided into several disjoint subsets
according to horizontal sharding rules to satisfy completeness, reconstructabil-
ity, and disjointness properties, corresponding to formulas (1), (2), and (3) [11].
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1.2 Read-Write Separation

Since read operations far outnumber write operations in databases, a master-
slave distribution is commonly used, where the master node handles writes and
slave nodes handle reads. Read-write separation distributes load across multiple
nodes. Maintaining data consistency requires synchronization mechanisms such
as master-slave replication, Paxos, Raft, Term, ZAB, and other protocol algo-
rithms [12]. MySQL commonly uses MySQL Proxy as the read-write separation
intermediate layer through an embedded Lua parser to define query processing
[13].

2 DIF Plugin
The Dynamic Index Facility (DIF) [16] is an open-source MySQL/MariaDB
database plugin compiled from C++ libraries, Perl scripts, and SQL stored pro-
cedures. Its approach “discretizes”2D space and maps it to 1D space using
pixelization methods. Each pixel is assigned a unique index ID. Exhaustive re-
trieval has O(n) time complexity. For cone search, pseudo-spherical indexes are
needed to reduce time complexity, with most indexes based on tree structures.
B-Tree [17] indexing reduces time complexity to log2N, but its depth increases
with data volume, making it difficult to apply to massive data indexing. The B+
tree-based index method is the most commonly used dynamic index structure
in database systems, which is also the method DIF uses to establish pseudo-
spherical indexes through MySQL.

The DIF indexing tool employs HTM (Hierarchical Triangular Mesh) and
HEALPix (Hierarchical Equal Area isoLatitude Pixelisation), two of the most
widely used pseudo-spherical indexing methods. HTM, a classic sky partitioning
method, was first applied to the Sloan Digital Sky Survey (SDSS) [9]. HEALPix
replaces HTM’s triangular partitioning with equal-area quadrilateral blocks,
though both share quadtree-like hierarchical recursion patterns [15]. Currently,
HEALPix-related pseudo-spherical indexing and efficient cone search have been
widely applied in massive astronomical data [9].

This paper uses the DIF indexing tool to pre-establish HEALPix Nest indexes
and implements cone search through the DIF_{Circle}(RA, DEC, SR) function,
where RA is right ascension, DEC is declination, and SR is angular distance.
DIF uses the healpix_{base} toolkit to calculate HEALPix Nest pixels inter-
secting with the cone, then queries corresponding pixels through MySQL and
returns the result set.

3 Design and Implementation
To achieve efficient cone search for massive astronomical data, this paper pro-
poses a solution based on database middleware, MySQL databases, and the
DIF indexing tool. [Figure 2: see original paper] illustrates the main framework
design.
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In this framework, the cone search service does not directly access the underlying
database. Instead, it first forwards cone search commands to the database
middleware service through the proxy server according to predefined strategies.
The middleware performs SQL parsing, routing, rewriting, execution, and result
set merging. The underlying communication with MySQL databases occurs
through DBI/DBD-MySQL modules, enabling function calls through MySQL
database functions.

4 Experiments and Discussion
To verify the advantages of the proposed distributed cone search framework, this
paper conducted comparative experiments between standalone MySQL and the
distributed architecture for cone search.

4.1 Test Environment

The distributed test platform consists of a cluster of Sugon servers with Intel(R)
Xeon(R) CPU E7-4807 processors, 16 GB memory, 2$×$256 GB SSD storage,
and gigabit network connections between servers, running Ubuntu 18.04.4 LTS.
One server hosts the middleware system, while three others run MySQL 5.7.31
and DIF 0.5.5. The standalone test environment uses servers with identical
configuration.

4.2 Test Data

This test uses the source data table from Gaia Data Release 2, which contains
basic source parameters. As shown in , irrelevant columns for cone search are
filtered out, extracting source_{id}, ra, and dec columns as test data for estab-
lishing HEALPix Nest indexes using the DIF tool.

The comparison between DIF and great-circle formula cone search is presented
in . The experiment was conducted in the distributed test environment with
search center (0, 50) and radius of 1 degree. The first method uses the DIF
tool SQL template for cone search centered at (ra, dec) with SR as angular
distance, where (RA, DEC) are right ascension and declination in degrees (deg)
and SR is in arcminutes. The second method establishes a DEC index, filters the
range (DEC-1, DEC+1), and uses the great-circle formula to calculate spherical
angular distances less than SR, where SR is in degrees. The great-circle formula
calculates the spherical angular distance d between two points p1(RA, DEC)
and p2(ra, dec) as shown in equation (4) [18]:

𝑑 = arccos[sin(𝐷𝐸𝐶) sin(𝑑𝑒𝑐) + cos(𝐷𝐸𝐶) cos(𝑑𝑒𝑐) cos(𝑅𝐴 − 𝑟𝑎)] (4)

As shown in , both methods yield identical result counts and intersection num-
bers, confirming that DIF implementation produces consistent results with the
optimized great-circle formula, while DIF queries demonstrate higher efficiency.
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4.3 Test Results and Analysis

To evaluate the impact of database node count and HEALPix Nest index or-
der on retrieval efficiency, comparative experiments were conducted to deter-
mine optimal configurations. [Figure 3: see original paper] shows cone search
performance with database node counts of 1, 3, 15, 30, 60, and 100, using
search center (40, 0) degrees, with SR ranging from 30 to 240 arcminutes on
the horizontal axis and retrieval time in milliseconds on the vertical axis. To
eliminate cache interference, query cache was temporarily disabled using set
global query_{cache}_{size}=0 or set global query_{cache}_{type}=0.

The comparison reveals that retrieval time decreases as nodes increase from 1
to 30, but increases when nodes further increase to 60 and 100. Therefore, this
paper selects 30 nodes as the optimal configuration.

To compare the impact of different HEALPix Nest index orders on cone search
efficiency, experiments were conducted at 30 nodes with center (40, 0) degrees
and radius 60 arcminutes, with results shown in [Figure 4: see original paper].

Fan D et al. [19] conducted comparative experiments between index order and
retrieval efficiency, concluding that order=12 was optimal for their dataset, not-
ing that different data densities may require different choices. Berriman et
al. [20] compared HTM and HEALPix performance on Solaris, Windows, and
Windows Server databases, suggesting that higher index levels improve perfor-
mance, but excessive levels cause performance degradation due to overly fine
granularity and hardware I/O throughput limitations. Combining these find-
ings with [Figure 4: see original paper], this paper selects index order 12 as the
optimal solution for the test dataset, balancing retrieval accuracy and efficiency.

Based on the comparison in [Figure 3: see original paper], stress tests were per-
formed on 30 nodes versus standalone systems using Jmeter with 500 concurrent
users, querying center (40, 0) degrees, radius 60 arcminutes, and HEALPix order
12. Results are presented in and [Figure 5: see original paper].

As shown in , cone search is data-intensive and CPU-consuming. The distributed
middleware solution not only accelerates retrieval efficiency but also provides
greater throughput. [Figure 5: see original paper] shows that standalone MySQL
cone search queries consume over 90% CPU, while the distributed middleware
framework maintains approximately 50% CPU usage. The proposed distributed
database middleware solution for massive astronomical data effectively improves
cone search efficiency and provides valuable references for future sky survey
projects.

5 Conclusion
The ever-growing volume of massive astronomical data continuously presents
challenges in data storage and efficient retrieval. This paper proposes a solu-
tion to extend MySQL database systems through database middleware and the
DIF tool. The middleware implements database sharding to alleviate storage
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and retrieval pressure from massive astronomical data. To further accelerate
astronomical data retrieval, the DIF tool is integrated with MySQL to enable
efficient cone search for massive astronomical data. Testing demonstrates that
the distributed retrieval solution with index order 12 can efficiently perform cone
search on massive astronomical data, reducing load pressure while ensuring data
security and database high availability. Future work will compare whether dif-
ferent indexing algorithms (HTM, HEALPix, Q3C, etc.) suit this architecture,
investigate the impact of columnar databases or vector engines on cone search,
compare retrieval performance between MariaDB and MySQL (both supported
by DIF), and explore GPU acceleration for DIF algorithms and improved cone
search algorithms.
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