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Abstract

To address the challenges of real-time and efficient transmission and processing
of massive astronomical signals in ultra-wideband and multi-beam receiving sys-
tems, testing and analysis were conducted on software systems for mainstream
FPGA+GPU-based terminal equipment. Ultra-wideband receiving devices re-
quire terminal system software capable of real-time data stream transmission
and processing under conditions of wider bandwidth and higher temporal and
frequency resolution. In conjunction with future development directions for
large-aperture radio observation facilities, a design approach is proposed that
utilizes high-speed parallel circular buffers for data stream caching, GPU clus-
ters for real-time data stream processing, and BeeGFS for distributed parallel
data storage, to modularly construct a software pipeline for radio astronomy
signal transmission.
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Abstract: Aiming at the challenges of real-time, efficient transmission and pro-
cessing of massive astronomical signals in ultra-wideband and multi-beam receiv-
ing systems, this paper tests and analyzes the software systems of mainstream
backend equipment based on FPGA+GPU architectures. Ultra-wideband re-
ceiving equipment demands that backend system software achieve real-time data
stream transmission and processing under conditions of wider bandwidth and
higher temporal and frequency resolution. Combining this with future devel-
opment directions for large-aperture radio observation facilities, we propose a
design concept for constructing radio astronomy signal transmission pipeline
software in a modular fashion, utilizing high-speed parallel ring buffers for data
stream caching, GPU clusters for real-time data stream processing, and BeeGFS
for distributed parallel data storage.

Keywords: Data transmission and processing; Radio astronomy; Real-time;
FPGA+GPU

0 Introduction

The advancement of multi-beam and Phased Array Feed (PAF) receiving tech-
nologies has continuously enhanced the data acquisition capabilities of radio
astronomical instruments. Radio astronomy observation data is now growing in
a real-time, massive, and continuous mode. The efficient transmission and real-
time processing of massive astronomical signals in backend systems require sup-
port from heterogeneous distributed computing and storage platforms. During
data transmission, the received signals are first digitized to implement prepro-
cessing such as channelization and Radio Frequency Interference (RFI) mitiga-
tion, which can be executed on development boards such as ROACH[1], SNAP,
and RFSoC[2]. Hardware boards are connected to server platforms via high-
speed networks, which packetize the data and transmit it to GPU servers for
complex algorithmic processing. The hybrid FPGA+GPU architecture platform
imposes higher requirements on software performance. High-speed real-time
transmission of astronomical data packets necessitates addressing packet loss
issues in high I/O environments. The Linux kernel incurs significant overhead
when processing broadband network traffic, and since the network protocol is
UDP, the system must handle lost, out-of-order, and duplicate packets; oth-
erwise, phase information will be missing. For pulsar data, packet loss can
severely impact pulsar period prediction and folding. When implementing high-
speed data flow between CPU and GPU, the communication rate between CPU
and GPU may become a performance bottleneck that also requires consideration
and resolution.

In radio astronomy digital backend systems, programs that achieve high-rate
real-time data packet transmission and preprocessing are called pipelines[3]. A
pipeline is a programming implementation where data is chained together and
flows simultaneously within it. The pipeline contains multiple processing units,
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each performing specific tasks. The most fundamental and primary function
is to provide a caching module that temporarily stores data to enable real-
time data flow. Pipeline data transmission for radio astronomy heterogeneous
backend systems mainly includes three stages: data reception, CPU/GPU-based
processing, and data output. Buffer modules enable efficient transmission from
data reception to disk writing, while calling different stage program modules
implements real-time processing during data stream transmission.

This article studies and analyzes data pipelines that can be deployed on ra-
dio telescope backend systems, proposing a pipeline design approach based on
FPGA+GPU for dynamic, high-performance real-time transmission, processing,
and monitoring of massive radio astronomy data streams. This provides a refer-
ence for developing customized multifunctional real-time data stream transmis-
sion and processing pipeline software for the future Xinjiang 110-meter Radio
Telescope (QTT)[4].

1 Existing Radio Astronomy Data Stream Pipeline Soft-
ware

For real-time high-speed transmission of radio astronomy data, foreign re-
searchers have achieved a series of results and provided open-source CPU/GPU
data stream pipeline software, including GUPPI_{daq}?, PSRDADA?, Hash-
pipe, Bifrost, Kotekan*, Pelican®, and Cobalt. Domestic research in this field
is currently in its initial stages.

1.1 GUPPI_{daq}

GUPPI_{daq}, applied at the Green Bank Telescope (GBT), is the data acquisi-
tion software for the pulsar digital backend GUPPI. GUPPI {daq} implements
real-time data stream reception and processing, recording files in PSRFITS for-
mat. Real-time processing options include base mode, folding mode, and sub-
band mode.

GUPPI processes 800 MHz bandwidth, 8-bit quantized data based on CASPER
FPGA boards, packetizing it into UDP packets in a 10Gb Ethernet environ-
ment for transmission. GUPPI__{daq} is responsible for receiving this data and
saving it to disk. During transmission, it implements interaction with the con-
trol subsystem, provides a human-machine interface, and records monitoring
parameters saved to output files.

GUPPI_{daq} operates in multi-threaded mode, with threads transmitting
data through shared memory-based ring buffers. In base mode, GUPPI_ {daq}
uses only two processing threads and one data buffer. The network processing
thread receives UDP packets generated by the FPGA, checks custom sequence
numbers to determine packet loss, saves received data to the ring buffer, fills lost
data with zeros, and simultaneously reads header information from the status
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buffer to copy it into the data block header. The disk writing thread reads full
buffers, parses data block header information, and saves it to disk in PSRFITS
format.

At high data rates, GUPPI_{daq} faces limitations in disk writing speed. When
receiving data through high-speed Ethernet at 800 MB/s, a small amount of
packet loss occurs[9)].

1.2 Hashpipe

Hashpipe is a derivative of the early GUPPI_{daq}, originally developed as an
efficient shared pipeline engine for NRAO VEGASJ10] by David Macmahon. It
can be used for FX correlators, beamformers, pulsar observations, Fast Radio
Bursts (FRB), SETI, and has also been applied to China’s FASTS and “Tianlai”
project[11].

Hashpipe establishes shared memory segments and semaphore mechanisms, dy-
namically constructing pipelines at runtime based on command-line parameters.
Its overall structure is shown in Figure 1, adopting a modular architecture design.
The blue components represent plugins—Hashpipe plugins are shared libraries
that define application-specific thread modules, shared data buffers, and other
functional modules, allowing users to create plugins for invocation during Hash-
pipe runtime. The red components represent executable files that dynamically
call defined plugins during Hashpipe runtime.

The core of Hashpipe is a flexible ring buffer that simulates continuous memory
blocks, enabling data flow and sharing among multiple threads. It uses CPU
control to start and stop operations, temporarily stores and passes UDP packets
through ring buffers, ensures rapid data capture, and distributes data in the
correct order.

Hashpipe distributes tasks to separate threads, with each thread sharing mem-
ory buffers and using semaphore mechanisms to achieve mutual exclusion. It
defines three threads: data reception, processing, and output, each implement-
ing its own tasks. The data reception thread (net_ {thread}) receives high-speed
network packets from the server’ s 10Gb NIC, extracts file headers and payload
data according to packet format, and parses packet headers. Data packets from
the FPGA contain timestamps, allowing reordering into proper time sequences
if they arrive out of order. Data is written to the first input data buffer, and
once a continuous data block is full, it is handed to the next thread for process-
ing[12]. The processing thread (gpu_ {thread}) retrieves data from the input
data buffer, transfers it to the GPU for complex computation, and writes results
to the output data buffer. The output thread (output_ {thread}) retrieves data
from the output data buffer and writes it to files stored on disk. By defining a
monitoring thread to listen for UDP packets from the FPGA and a transpose
thread to reformat data, time samples are correctly arranged in memory for
backend processing.
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The backend is written in C/C++, with multiple structure variables de-
fined in header files for convenient invocation. It defines the data buffer
hashpipe_ {databuf}, containing basic information such as data types to be
transmitted, buffer space size, buffer ID, number of data storage blocks, and
block ID. The hashpipe {{{thread}}{{desc}}} structure stores metadata
describing Hashpipe threads, while the hashpipe{{{udp}}{{params}}} structure
variable saves network connection parameters including port number, IP
address, and packet size. The hashpipe{{{clean}}{{shmem}}}() function clears
status buffer occupancy, while hashpipe{{{status}}{{unlock}}}H{safe}() and
hashpipe_ {{{status}}{{lock}} }{safe}() functions provide thread-safe locking
and unlocking of the status buffer to ensure it remains in a locked state. Using
existing Hashpipe functions basically meets data transmission needs, and can
be implemented and called according to actual requirements.

For interface monitoring, David Macmahon wrote the ruby program rb-
Hashpipe, which serves as a visual frontend for Hashpipe. It can display
information such as packet reception, thread status, and buffer status, abstract-
ing the pipeline at a higher level to provide a concise and intuitive interface
for monitoring data. Both Hashpipe and rb-Hashpipe can be deployed on
server platforms, with main environment configuration steps as follows: (1)
Update GNU toolchain to the latest version to provide Hashpipe compilation
environment; (2) Install Ruby version manager rvm; (3) Use RubyGems to
update required library files; (4) Obtain Hashpipe version information and
complete installation; (5) Configure gnome terminal to launch under shell.

The data transmission status monitoring interface is shown in Figure 2.

1.3 PSRDADA

PSRDADA, developed and maintained by Swinburne University of Technology
in Australia, supports distributed acquisition and data analysis of pulsar signals.
It is mainly used for pulsar baseband data recording and processing, managing
the entire data flow process from ADC signal sampling to GPU cluster data
analysis. PSRDADA enables management and monitoring of baseband record-
ing data distribution for APSR, BPSR, and CASPSR, and is currently primarily
applied to terminal systems for ASPSR, BPSR, CASPSR, and HIPSR at Parkes
in Australia[13], as well as PuMa-II and other radio telescopes in Europe’.

At the basic level, PSRDADA is a flexible and manageable ring buffer whose
core function is to pass data streams between ring buffers. Each buffer is divided
into a header storage block describing file information and multiple sub-blocks
storing data. When data is received, it is written sequentially to sub-blocks,
and when a sub-block is filled, a flag is triggered indicating that data in the
sub-block can be read. Ring buffers implement enqueueing and dequeueing of
datasets, with multiple datasets able to queue in parallel across multiple ring
buffers using multithreading, primarily communicating between threads through
shared memory and semaphore mechanisms.
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At the high-level configuration, PSRDADA can be launched on each node in a
cluster, with visualization interfaces monitoring related processes and managing
data transmission and archiving.

PSRDADA is implemented based on modular design, including independent
processes for performing specific tasks, cleanly separating different operations
such as data transmission, commands, control instructions, and data analysis. It
creates ring buffers for data transmission between processes; uses configuration
files and scripts to complete various basic configurations in distributed work-
flows; provides a web-based user interface for monitoring via web browsers; and
can send data to remote computing devices via gridbus for remote monitoring.

PSRDADA implements corresponding developments for different devices in-
cluding APSR, BPSR, CASPSR, and PUMA2 based on the C language. It
executes through multiple command lines: dada_{db} can create or delete
a buffer, dada_ {dbmonitor} monitors opened buffers, dada_ {dbdisk} writes
buffer data to local disk, dada_ {header} obtains data file header information,
and dada_ {dbcopydb}, dada_ {dbdisk}, dada_ {diskdb} implement data copy-
ing between buffers and between buffers and disk®.

PSRDADA configuration and basic usage steps are as follows: (1) Install or
update GNU tools required by PSRDADA: autoconf (version 2.59 and above),
automake (version 1.9.3 and above), libtool (version 1.5.8 and above), m4
(version 1.4 and above); (2) Obtain data in dada format; (3) Create a ring

buffer with a specific key value: daday,—kkey, e 4 dada_ {diskdb}
-k key_{value} -f filename.dada; (5) Read data from the ring buffer:
dadagyg;s—D-—kkeyygrue—5 6 dada_ {dbmonitor} -k key_{value}; (7)

Delete the ring buffer with a specific key value: $dada_{db} -k key_ {value} -
d.

Buffer creation and data transmission status are shown in Figure 3. A buffer
structure with shared memory key 100 is created, including 4 data storage
buffers of size 524,288 bytes each, with a total capacity of 2 MB, and 8
header storage buffers of size 4,096 bytes each, with a total capacity of 32 KB.
The dada_ {dbmonitor} command opens a monitoring interface to monitor
read/write status of file headers and data buffers.

1.4 Bifrost

Bifrost is specifically designed for radio astronomy digital signal processing, en-
abling rapid development of high-performance pipelines for stream data process-
ing. It is currently used for processing data from the LWA, with applications in
beamforming and correlators[14].

Bifrost utilizes Python to implement high-level pipeline interfaces for data trans-
mission and C++ to implement a high-performance backend supporting GPUs.
This includes a series of high-performance data structures and algorithms related
to astronomical data processing, library functions designed for interferometry,
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pulsar dedispersion, timing, and transient signal search applications, used for
data computation and processing on CPUs and GPUs[15].

Both interfaces and functions are called blocks, which can communicate simulta-
neously through flexible ring buffers while executing multiple threads, enabling
asynchronous block operation. There are three types of data blocks: tasks,
which read data from rings, implement data transformation, and write results
to output ring buffers; sources, which generate data blocks, obtain data from
files or Ethernet data streams outside the pipeline, and write data to output
buffers; and sinks, which can directly read data from input ring buffers, plot
data, or write it to files™{9}.

Bifrost has concise installation steps suitable for rapid deployment. After instal-
lation, modules can be called via import bifrost. For example, bifrost.pipeline
handles pipeline construction, automatically creating ring buffers and building
directed graphs through these ring buffers to provide users with a high-level view.
The pipeline.run statement executes the pipeline, creating a thread for each
block. The bifrost.blocks module loads functional blocks, calling FFT, FDMT,
quantization, transpose, etc., to implement data processing. The network-
related module bifrost.udp captures UDP packets and can count and analyze
packet transmission information. If intermediate operations are needed during
data stream transmission, users can customize modules™{10}.

Taking wav-format audio files as an example, Bifrost execution steps generally
include: reading the wav file to a ring buffer; using GPU FFT to implement
data channelization and other operations; and writing filterbank files to disk.
The specific steps are: (1) Read .wav format file; (2) Copy raw data to GPU;
(3) Divide time axis into small blocks and perform FFT on newly generated
blocks; (4) Take the square of the modulus of these FFTs; (5) Transpose data
to sigproc-compatible format and normalize; (6) Copy data to CPU; (7) Convert
data to integer type and store data as filterbank.

1.5 Kotekan

Kotekan[16] is a software framework developed by Andre Recnik using C/C++
combination, primarily applied to radio astronomy telescope data transmission.
It was initially developed for the CHIME backend to achieve higher efficiency
and throughput™{11}.

Kotekan pipelines are modular, consisting of a series of units performing different
operations on data. They implement real-time management of data flow on X-
engines, including receiving UDP packets from F-engines, real-time processing
of data streams on GPU nodes, and result storage. The core structure is a FIFO
ring buffer that enables communication between CPU and AMD GPU through
ring buffers in system memory, as well as data inspection and temporary storage
before transmission to GPU for processing[17].

Kotekan creates network threads, GPU threads, GPU callback threads, GPU
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post-processing threads, and output threads. Each thread is interfaced with one
or more ring buffer objects, with received data temporarily stored through ring
buffers to enable simultaneous reading and writing. These threads and buffers
form the data path shown in Figure 4, where pipelines can generate multiple
result datasets in parallel through multithreading[18].

Buffered data is written and read by Kotekan::stage processing modules, which
obtain data from networks or external devices, implement data operations
through data processing algorithms, and finally transmit processed data
through networks or store it locally.

1.6 Pelican

Pelican[19] is a real-time data stream processing framework developed by the
Oxford e-Research Centre, featuring efficiency, modularity, lightweight design,
and calibration capabilities. It is mainly applied to LOFAR and BEST-II, per-
forming parallel data processing on GPU servers.

Pelican provides highly abstracted APIs suitable for static, quasi-real-time pro-
cessing. Pelican implements reusable modular components in C++, separating
data acquisition and processing with flexibility and versatility. It has mecha-
nisms for reading UDP data, passing data streams to computing servers, com-
pleting data buffering, processing, and final file writing. It can perform real-time
processing of telescope-received data and can be used for any application requir-
ing processing of incoming data streams[20].

Pelican can be used for data preprocessing in pulsar searches. The SKA’ s
early plans used Pelican for non-imaging, GPU-based real-time radio pulse de-
tection[21]. The workflow is shown in Figure 5[Figure 5: see original paper]:
first, UDP data is read through software servers, peaks of narrowband spectral
interference are removed, further narrowband division is implemented in GPU,
complex data is converted to power data, and data is transmitted to GPU pro-
cessing modules to execute dispersion search algorithms[22].

Short-term imaging leads to very large correlator output rates. To achieve data
transmission rates and generate updated calibration coefficients, output data
streams must be processed in real time. Pelican can be used to implement data
calibration and imaging equation solving before converting radio telescope data
into scientific images. Pelican’ s framework for scientific imaging is shown in
Figure 6[Figure 6: see original paper], receiving subband data from ROACH2,
providing initial calibration through real-time updating of correlator phase and
amplitude coefficients, then generating dirty images based on GPU 2D-FFT,
performing cleaning, executing image difference comparison based on specific
step sizes, using threshold detectors to discover transient events, and finally
using stacking modules to form high dynamic range images™{12}.
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1.7 Cobalt

Cobalt is a GPU-based software correlator and beamformer for the LOFAR
telescope[23]. The software component implements a data pipeline for managing
data flow through networks and CPU/GPUs, and completing data storage.

Figure 7[Figure 7: see original paper| shows the schematic diagram of data flow
from external systems to Cobalt’ s internal data flow. Received data is stored in
input buffers, subband processing is completed, and then storage is performed,
with modules communicating in an all-to-all pattern.

Cobalt’ s software consists of several interacting subsystems that manage data
flow from the network, achieve high-rate sustainable data transmission, and per-
sistently store data; it also performs control, monitoring, logging, and metadata
management. Figure 8[Figure 8: see original paper| shows Cobalt’ s compo-
nents, dependencies, and data flow. Cobalt processes a large number of indepen-
dent data streams, with each AntennaFieldInput receiving UDP packets from
10GbE ports and forwarding payload data to TransposeSender, which performs
delay compensation by moving integer multiples through ring buffers. These
data streams combine MPI for parallel processing without mutual dependen-
cies. The signal processing pipeline GPUpipeline on GPU contains TransposeRe-
ceiver components that transmit subband data, combining MPI_{Isend} and
MPI_ {Irecv} non-blocking sends and receives to transmit correlation or beam
data. Output components receive GPU subband data and ultimately store it in
MeasurementSet or HDF5 format using casacore[24].

Cobalt can process offline tasks including automatic flagging, calibration, aver-
aging, coherent dedispersion of pulsar data, dynamic spectrum generation, as
well as online folding and searching of pulsar data. Cobalt is scalable, supporting
subarray parallel observations, interrupt response, and other observation modes.
It provides significant additional capacity in network bandwidth and comput-
ing power, with notable efficiency improvements, such as parallel observations
of low-band and high-band antennas. Generally, correlators can only process
data from a single project, but Cobalt’ s enormous computing and throughput
capabilities allow simultaneous processing of multiple project data™{13}.

An updated version, Cobalt 2.0, now exists with better flexibility and through-
put, receiving data rates exceeding 1 TB/s, maximizing GPU advantages to
achieve high-performance computing and real-time data processing.

2 Current Challenges
Current data stream pipeline software faces key difficulties and focal points:

(1) Existing radio astronomy data stream pipeline software is designed for
specific observation equipment to meet particular requirements and is not
applicable to all types of observation equipment or modes. For specific
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observation equipment, corresponding software functions should be imple-
mented according to the requirements of each receiving system. Although
some software systems can be ported to different equipment terminal sys-
tems, they do not require all their functions during use, necessitating in-
depth study of underlying code to complete secondary development and
debugging, resulting in high development costs.

(2) Existing large radio telescope terminal systems mostly adopt Xilinx
FPGA-based ROACH series and SNAP series hardware boards. In recent
years, the more highly integrated RFSoC has been introduced, providing
high-speed Ethernet data transmission interfaces that impose higher
requirements on server-side real-time data stream reception capabilities.
Pipelines deployed on servers need to meet higher bandwidth data
reception requirements based on the RFSoC platform to improve data
transmission efficiency.

(3) Real-time efficient transmission and processing capabilities are the direc-
tion for pipeline software performance improvement. Data processing plat-
forms mostly use GPU clusters for large-scale data processing; however,
data distribution and collection have not been effectively addressed. Effi-
ciently implementing data stream distribution and aggregation across mul-
tiple GPUs will greatly improve transmission and computing efficiency.

(4) To meet the data processing requirements of multifunctional digital back-
end systems, a flexibly configurable system software should be formed.
The constructed pipeline software should implement algorithms required
for data processing and analysis, provide callable libraries for different
observation modes, and satisfy the needs of multiple observation projects.

3 Design Concepts for Large-Aperture Radio Telescope
Data Stream Pipeline Software

As an important component of multifunctional terminal system software,
pipeline software for large-aperture radio telescope data stream transmis-
sion and processing will complete data stream acquisition, transmission,
management, and monitoring. It must efficiently capture and temporarily
store network packets from FPGA, achieve high-speed data flow and related
processing between CPU and GPU, provide GPU internal data processing
algorithm calls, implement conversion from raw data format to standard file
format and data type matching, and finally write data efficiently to disk.

3.1 Data Transmission Based on Zero-Copy and Ring Buffers

The QTT multifunctional digital backend adopts an FPGA+GPU cluster archi-
tecture, as shown in Figure 9[Figure 9: see original paper|[25]. RFSoC imple-
ments data sampling and preprocessing, with a single RFSoC chip capable of
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achieving 8 channels, each with a maximum sampling rate of 4.096 GSPS and
12-bit quantization. The data volume per channel after sampling is approxi-
mately 48 Gbps. After preprocessing by RFSoC, the sampled data is divided
into multiple subbands, and the RFSoC provides a 100 Gb data transmission
interface for transmission via high-speed Ethernet to the GPU cluster for data
correlation and preprocessing.

Network data transmission uses the UDP protocol, where data in NIC buffers is
transmitted to user applications through the Linux kernel protocol stack. Data
packets are copied between kernel space and user space, resulting in large system
overhead and transmission bottlenecks. To effectively reduce system resource
occupancy and meet low packet loss rate and low latency requirements for GPU
server-side transmission, GPU servers can implement high-performance data
acquisition based on zero-copy technology in high I/O environments. The com-
parison is shown in Figure 10[Figure 10: see original paper]. Pipeline software
implements a zero-copy-based data transmission module, creating parallel net-
work input threads that read packets from NIC buffers in user space through
polling, writing them in real time to dynamically created ring buffers. This
avoids standard kernel protocol stack processing and reduces the number of data
copies from NIC to pipeline software, thereby improving data access efficiency.

3.2 Real-Time Data Processing Based on GPU Clusters

The QT'T multifunctional terminal system based on hybrid architecture plans to
implement multiple observation modes including pulsar, transient source, molec-
ular spectral line, total power, VLBI, and baseband data. The internal data flow
in the GPU cluster is shown in Figure 10. After FPGA preprocessing, data is
transmitted to the GPU cluster for processing. The data flow undergoes decod-
ing, RFI mitigation, and then completes corresponding processing for different
observation modes, finally being stored in formats such as VDIF, PSRDada, or
PSRFITS.

Pipeline software should provide GPU internal data processing modules and
fully integrate astronomical algorithms to implement common functions such as
decoding, RFT identification, calibration, folding, and standard format output,
achieving conversion to standard file formats and data type matching. It should
provide a friendly access interface based on Web, offer better flexibility and
support for expansion in a modular manner, and provide user-defined module
functionality, allowing users to call modules or write custom modules according
to actual needs.

For the QTT multifunctional digital terminal data stream, the top-level struc-
ture of pipeline software data transmission is shown in Figure 11[Figure 11: see
original paper]. Network threads capture data from RFSoC and store it in input
data ring buffers. Pipeline software runs on multiple GPU servers, with each
GPU server receiving one frequency channel subband. To achieve multithreaded
parallel and distributed execution on GPU clusters, efficient and timely opera-
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tion and data block forwarding, cluster nodes combine MPI to implement data
distribution and acquisition, using MPI" s non-blocking message reception and
send call interfaces MPI {Isend} and MPI {Irecv} to enable overlapping com-
putation and communication, improving data processing efficiency. Processed
data from GPU clusters is temporarily stored in output data buffers and trans-
mitted to the storage system through parallel output threads.

3.3 Data Storage Based on BeeGFS

As data volume increases rapidly, HPC systems require more complex and ef-
ficient methods to manage and store massive data. By deploying distributed
file systems, data is distributed across numerous storage devices for distributed
storage and management, enabling distributed read/write. Using the parallel
distributed file system BeeGFS™{14} to build a more efficient data storage back-
end improves I/O performance and achieves high performance and scalability.

The overall framework of the data storage system based on BeeGFS is shown
in Figure 12[Figure 12: see original paper]. Data processed by the GPU cluster
is integrated and encapsulated into specific formats, then transmitted through
building parallel output management threads that simultaneously transfer one
or more data streams. Data of the same format is written to the same ring buffer
and transmitted to the file storage system. Data is read and written through
BeeGFS-provided Clients, utilizing multiple independent I/Os to achieve high-
concurrency read/write. The BeeGFS-based distributed file system achieves
metadata separation, using local file systems of MDS and OSS to carry metadata
and data storage respectively. File headers containing observation information
such as date, time, and observation environment parameters serve as the main
components of metadata information and are stored on metadata servers. The
scalability of MDS, OSS, and Clients enables the BeeGFS-based data storage
system to meet large-scale data storage expansion requirements.

Radio astronomy telescope digital backend systems increasingly rely on real-
time processing to overcome data storage and analysis bottlenecks. The astro-
nomical community has developed and studied data stream processing pipelines
to improve data transmission and processing efficiency and simplify the difficulty
of developing data processing code for astronomers. This article reviews existing
radio astronomy data transmission pipeline software, introduces the structure
and functions of radio astronomy data transmission pipeline software, and con-
ducts tests on GPU servers. Based on summarizing existing pipeline software,
we present general design ideas for future large-aperture radio telescope multi-
functional terminal systems to design data transmission pipelines according to
actual observation needs. Future multifunctional digital terminal systems based
on FPGA+GPU should develop toward easy upgrading, modification, flexibility,
and scalability.
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