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Abstract
High-frame-rate area detectors are key equipment for conducting scientific ex-
periments such as coherent diffraction imaging and serial crystallography at
the Shanghai Hard X-ray Free Electron Laser Facility (Shanghai HIgh repeti-
tioN rate xfel and Extreme light facility, SHINE). The high-speed transmission
and processing of massive data generated by area detectors poses significant
challenges to data acquisition (DAQ) software. To meet the data transmission
requirements of area detectors with megapixel scale and 10 kHz frame rate, DAQ
needs to achieve a stable data transmission capability of $�$20 GB・s-1. This
study developed a distributed DAQ software based on C++, aiming to achieve
high-speed parallel data readout to meet the data acquisition requirements of
high-frame-rate area detectors. This study successfully achieved high-flux data
transmission and event reconstruction capabilities of 20 GB・s-1 across 4 nodes,
and implemented and tested data preprocessing functions such as data calibra-
tion and lossless compression, as well as the overall distributed operation of
the software. This study can provide necessary support for ultra-high-flux data
acquisition in relevant experiments employing area detectors.
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Abstract
[Background]: High frame rate area detectors are critical equipment for con-
ducting coherent diffraction imaging, serial crystallography, and other scientific
experiments at the Shanghai HIgh repetitioN rate xfel and Extreme light facility
(SHINE). The massive data volumes generated by these detectors at extremely
high transmission rates pose grand challenges for data acquisition (DAQ) sys-
tems. [Purpose]: To support continuous operation of megapixel detectors at
10 kHz frame rates, the DAQ software must deliver stable data throughput of
no less than 20 GB・s−1. [Methods]: This research developed a C++-based
distributed DAQ software designed to enable high-speed parallel data readout
to meet the requirements of high frame rate area detectors. The study adopts
a memory-based, MapReduce-like approach for online event reconstruction and
evaluates the Bitshuffle+LZ4/ZSTD data compression algorithm. [Results]:
The software successfully achieved 20 GB・s−1 high-throughput data transmis-
sion and event reconstruction capability using four nodes. It also implements
and tests various functions including data calibration, lossless compression, and
distributed operation of the entire software system. [Conclusions]: This re-
search provides essential support for ultra-high-throughput data acquisition in
related experiments using area detectors.

Keywords: Area detector; Data acquisition; Data compression; High repetition
rate; Distributed computing

X-ray Free Electron Lasers (XFEL) represent the latest generation of advanced
light source facilities, offering exceptionally superior photon performance. Tak-
ing the under-construction Shanghai Hard X-ray Free Electron Laser Facility
(SHINE) as an example, it features ultra-high repetition rates (up to 1 MHz),
ultra-high brightness ($�10^{12}$ photons/pulse), ultra-short pulses (~100 fem-
toseconds), and excellent coherence. Internationally, many technologically ad-
vanced nations including the United States, Germany, Japan, and Switzerland
are actively engaged in XFEL research and construction. XFEL finds exten-
sive applications across physics, chemistry, materials science, and life sciences
[?]. For instance, Serial Femtosecond Crystallography (SFX) based on XFEL
enables protein crystal structure determination at room temperature without
cryogenic freezing. However, SFX requires collecting numerous diffraction pat-
terns within short timeframes, imposing extremely high demands on high-frame-
rate detectors and high-throughput data acquisition [?]. In 2018, the European
XFEL (Eu-XFEL) experimentally demonstrated for the first time that SFX
could deliver high-quality structural results at MHz-level X-ray pulse repetition
rates [?], indicating that scientific experiments’demands for XFEL performance
metrics such as repetition rate continue to grow.

Acquiring full-frame diffraction patterns at MHz-level rates in XFEL ex-
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periments presents formidable challenges, requiring ultra-fast area detectors
for image acquisition. Table 1 lists several area detectors used at XFEL
facilities. Given that current XFEL area detectors remain immature and
lack commercial products, SHINE has planned to independently develop a
charge-integrating, ultra-high-frame-rate area detector named STARLIGHT
(SemiconducTor Array detectoR with Large dynamIc ranGe and cHarge
inTegrating readout). STARLIGHT aims to achieve frame refresh rates
of $�10𝑘𝐻𝑧𝑎𝑛𝑑𝑎𝑑𝑦𝑛𝑎𝑚𝑖𝑐𝑟𝑎𝑛𝑔𝑒𝑓𝑟𝑜𝑚𝑠𝑖𝑛𝑔𝑙𝑒 − 𝑝ℎ𝑜𝑡𝑜𝑛𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑢𝑝𝑡𝑜10^{4}$
photons/pixel/pulse at 12 keV.

As XFEL pulse repetition rates and detector frame frequencies increase, sci-
entific experimental data generation rates grow approximately exponentially,
doubling every two years and expected to reach hundreds of GB・s−1 in the fu-
ture [?]. Currently, the AGIPD detector’s processing software employs FPGAs
for simple preprocessing and data forwarding, with further processing handled
by servers [?]. The JUNGFRAU detector uses a single-server data reception
and processing solution, achieving 9 GB・s−1 at 4M pixels and 1.1 kHz frame
rate [?], and later 17 GB・s−1 at 4M pixels and 2.2 kHz frame rate [?] through
FPGA/GPU acceleration within the server. However, compared with the rapid
growth in data rates, computer hardware performance improvements lag signif-
icantly, making traditional single-server DAQ solutions increasingly inadequate
[?]. The ePixHR detector’s data acquisition is implemented through the LCLS-
II data system [?]. To handle this detector’s ultra-high data throughput, the
LCLS-II system deploys a Data Reduction Pipeline (DRP) at the detector front-
end, using hybrid FPGA/GPU/CPU architectures and multi-node distributed
frameworks for compression and image filtering to reduce overall data through-
put [?]. Evidently, to address growing area detector data throughput, combining
intra-node FPGA/GPU heterogeneous acceleration with multi-node distributed
scaling is necessary.

This paper addresses the challenges of area detector data acquisition and anal-
ysis, proposing a distributed software architecture tailored to the STARLIGHT
detector’s requirements to enable high-speed reception and real-time processing
of ultra-high-throughput data. The current study employs only CPU processors
for data acquisition. The remaining sections are organized as follows: Section
1 introduces the area detector DAQ software requirements, Section 2 presents
the software architecture, and subsequent sections cover implementation and
testing.

1 STARLIGHT and Its Data Acquisition Requirements
Current megapixel area detectors used at XFEL facilities, such as CSPAD
at LCLS, AGIPD at Eu-XFEL, and the under-development STARLIGHT at
SHINE, all adopt modular designs [?]. A single STARLIGHT module contains
2$×8×128×128𝑝𝑖𝑥𝑒𝑙𝑠, 𝑎𝑐ℎ𝑖𝑒𝑣𝑒𝑠10𝑘𝐻𝑧𝑓𝑟𝑎𝑚𝑒𝑟𝑎𝑡𝑒𝑠, 𝑎𝑛𝑑𝑖𝑠𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑𝑡𝑜𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒2𝑏𝑦𝑡𝑒𝑠𝑝𝑒𝑟𝑝𝑖𝑥𝑒𝑙, 𝑦𝑖𝑒𝑙𝑑𝑖𝑛𝑔𝑎𝑝𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑡𝑒𝑙𝑦5𝐺𝐵·
𝑠^{-1}$ raw data rate per front-end module. STARLIGHT-1M comprises
4 modules (20 GB・s−1 total), while STARLIGHT-4M contains 16 mod-
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ules (80 GB・s−1 total). The software performance target must at least
meet STARLIGHT-1M specifications, while the architecture is designed for
STARLIGHT-4M scalability. Figure 1 illustrates the STARLIGHT DAQ
system hardware architecture.

To achieve high-throughput online data acquisition for STARLIGHT, the DAQ
software must continuously receive raw experimental data from all detector mod-
ules at high speed. Data transmission channels between reception nodes and
readout electronics must employ standard network protocols such as UDP or
TCP based on performance and experimental requirements. Since area detec-
tors acquire data through multiple front-end modules, each module transmits
only partial image information, resulting in incomplete data at each reception
node. This makes event selection and online analysis difficult, necessitating on-
line event reconstruction to redistribute, aggregate, and assemble partial images
from different nodes into complete images. To achieve high-throughput real-time
storage, the software must provide real-time data compression capabilities. Ad-
ditionally, to enhance user-friendliness, the software requires a graphical user
interface (GUI) for real-time display of operational information and parameter
adjustment.

2 Overall Software Architecture Design and Module Divi-
sion
The software system comprises two main components: data acquisi-
tion/processing and front-end display. The data acquisition and processing
software employs a distributed architecture inspired by MapReduce and Spark
concepts, where multiple independent servers share data transmission and
processing tasks. This design leverages multi-server computational and mem-
ory resources through pipelined parallelism, substantially increasing overall
processing throughput [?]. Software modules operate independently, with
state synchronization and real-time control implemented through a monitoring
module. Inter-module command transmission and monitoring information
exchange utilize WebSocket.

The front-end display software provides control and visualization interfaces, en-
abling real-time display of sampled image data. The overall architecture is
shown in Figure 2. During data acquisition and processing, multiple Receiver
modules directly acquire data from readout boards and distribute it to Com-
biner modules for event reconstruction. Event reconstruction aims to assemble
partial images from different detector modules captured at the same time into
complete images. The data then passes to processing modules for online cali-
bration, compression, and storage.

The software employs ZeroMQ (ZMQ) as the high-throughput data streaming
protocol between nodes, offering low latency, high throughput, and“zero-copy”
transmission advantages suitable for high-speed bulk data transfer.

The DAQ software design consists of three primary modules: Data Reception
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Module (Receiver), Event Reconstruction Module (Combiner), and Data Pre-
processing Module (Processor), which includes data calibration and real-time
compression.

2.1 Data Reception Module

The data reception module is a critical component of the detector DAQ software,
directly connecting via Ethernet switches to each detector module’s backend
readout electronics. Its primary responsibilities include data reception, buffer-
ing, and forwarding. Multiple data reception modules can be deployed across
nodes for parallel data reception in high-throughput environments.

The transmission protocol between reception nodes and readout electronics can
be selected from standard network protocols such as UDP or TCP. UDP is
a connectionless protocol requiring no pre-established connection and minimal
system resources. Although UDP may cause data loss, its implementation is rel-
atively simple. TCP, by contrast, is a connection-oriented protocol establishing
reliable connections.

Protocol selection depends on detector hardware configuration. Some detectors
(e.g., JUNGFRAU) currently use UDP in their front-end electronics, where
packet loss may occur. Lost packets can be handled by padding missing posi-
tions with blank data [?]. For experiments requiring high image integrity, such
as X-ray Photon Correlation Spectroscopy (XPCS), data loss significantly im-
pacts results. For the STARLIGHT detector under development, TCP is more
appropriate given the high image integrity requirements.

2.2 Event Reconstruction Module

Image data event reconstruction relies on two key pieces of information: unified
timestamp information within each detector module and the X-ray pulse number
(Bunch ID) provided by the facility’s timing system. Event reconstruction
merges partial image data with identical timestamps or Bunch IDs into complete
images.

At Eu-XFEL, event reconstruction is performed before data enters the comput-
ing cluster using Train Builder electronic hardware, which reorganizes image
data through multiple FPGA boards [?]. Referencing the data shuffle process in
MapReduce, this paper presents a software-based event reconstruction solution
using servers and switches [?], leveraging cross-node data exchange processes to
fully utilize each node’s network bandwidth.

As shown in Figure 3, the event reconstruction module receives data distributed
from all reception modules and merges partial images from different modules
captured at the same time (based on Bunch ID or timestamp) into complete
images (events). These complete images are then sent to processing modules for
subsequent handling. For load balancing during operation, reception modules
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can perform hash operations on Bunch IDs and take modulo the number of
reconstruction modules to distribute data evenly, as shown in Equation 1.

The event reconstruction module employs multi-threading, where each thread
receives data from corresponding reception modules and places it into partial
image buffer queues for each detector module. It then merges module images
with identical Bunch IDs into complete image data and places them into another
queue for subsequent processing by the data processing module. To meet ultra-
high-throughput processing demands, event reconstruction software is typically
deployed distributed across multiple servers.

2.3 Data Preprocessing Module

To reduce overall data throughput and storage pressure, online preprocessing is
required, including data calibration, compression/filtering, and formatted stor-
age. This research focuses on online data calibration and compression algo-
rithms.

Raw ADC data transmitted directly from detector modules contains non-
uniformities such as pedestal (baseline) and gain variations across electronic
channels. Data processing must subtract the baseline and correct gain
non-uniformities to recover deposited energy or photon counts [?]. Following
JUNGFRAU, AGIPD, and other area detectors, this correction can be ex-
pressed by Equation (2) [?], where ADU represents Analog-to-Digital Converter
units:

𝑒𝑛𝑒𝑟𝑔𝑦[𝐴𝐷𝐶[𝑔𝑎𝑖𝑛[]𝑝𝑒𝑑𝑒𝑠𝑡𝑎𝑙[𝐴𝐷𝑈𝑘𝑒𝑉

Based on Equation (2), the calibration module converts ADC data for all pix-
els in each image. It first reads calibration parameter data for each channel
(including gain levels and corresponding pedestal parameters) from files into ap-
propriate structures, then calculates deposited energy for each pixel according
to Equation (2). Note that measuring detector pedestal, gain, and other calibra-
tion parameters requires dedicated research and experiments, which is beyond
this paper’s scope. For software performance testing, this study currently uses
simulated calibration parameters.

For data compression, JUNGFRAU employs the bitshuffle preprocessing method
shown in Figure 4. This approach first rearranges data before applying compres-
sion algorithms. During experiments, most detector regions typically show weak
signals, particularly areas far from the center. Consequently, diffraction images
from area detectors exhibit relatively uniform and small pixel amplitude values
in most regions, meaning the high bits of each 16-bit binary number are es-
sentially zero. Leveraging this data characteristic, bitshuffle performs bit-level
block transposition on image data, merging numerous high-order zero bits into
complete bytes. This process does not change the original data size but signifi-
cantly increases data redundancy. Combined with dictionary-based compression
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relying on indexing, this method substantially improves compression efficiency.
JUNGFRAU’s compression workflow consists of two steps: FPGA modules
perform bitshuffle transposition, followed by software-based compression using
general-purpose algorithms on CPUs [?].

This study tested the compression algorithm at the software level. The bitshuffle
implementation used an open-source library [?], with subsequent compression
performed using two common algorithm libraries: LZ4 and ZSTD [?].

3 Software Performance Testing and Optimization
Given that the STARLIGHT detector remains under development and cannot
yet produce raw data, this study employs simulated experimental data for DAQ
software performance testing. The simulation uses the publicly available CXIDB
ID 83 dataset from Eu-XFEL’s femtosecond serial crystallography experiment
with the AGIPD detector [?].

Table 2 shows the server cluster configurations for distributed and single-node
performance tests. The distributed test cluster (Cluster A) contains eight
servers: four for simulated data transmission and four for data reception and
processing. To better evaluate software performance, server interconnections
use 100G InfiniBand (IB) networks at the physical layer, with IPoIB modules
enabling Ethernet-like data transmission at the software layer [?]. The single-
node test cluster (Cluster B) contains five servers: four with large memory
capacity for data transmission and one for reception and processing. Cluster
B servers interconnect via a 25 Gbps Ethernet switch, with each of the four
sending servers having 25 Gbps bandwidth and the receiving server having 100
Gbps bandwidth.

3.1 Data Transmission

For data transmission, this study conducted performance tests and comparisons
of multiple methods on Cluster A, primarily testing TCP data transmission
using BSD socket API, the boost::asio library, and thread CPU core binding,
while also comparing synchronous and asynchronous modes in boost::asio.

As shown in Figure 5(a), performance using direct BSD socket API calls grad-
ually increased with thread count but remained relatively slow overall, with
four-thread synchronous reception reaching approximately 5.2 GB・s−1. Per-
formance improved after adopting the boost::asio library, particularly under
multi-threading, achieving 7.3 GB・s−1 with four threads. Figure 5(b) compares
synchronous and asynchronous modes using boost::asio, showing synchronous
transmission outperforming asynchronous. Figure 5(c) demonstrates that bind-
ing threads to fixed CPU cores further improved performance by reducing inter-
thread competition and context switching, boosting four-thread synchronous
reception to 8 GB・s−1.

Performance tests indicate that boost::asio library usage yields superior trans-
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mission rates compared to direct BSD socket API calls. Synchronous mode with
boost::asio provides higher throughput, better suited for real-time high-speed
reception of raw detector module data. Additionally, binding threads to fixed
CPU cores reduces thread switching overhead and further enhances reception
performance.

Tests were also conducted on the higher-performance Cluster B. With single
CPU core binding and boost::asio library, synchronous TCP data transmission
achieved 2.98 GB・s−1 single-thread reception rate, nearly reaching the data
sending network card’s bandwidth limit (25 Gbps). Multi-threaded tests us-
ing four servers to simulate detector modules achieved 11.6 GB・s−1 with four
threads, approaching the receiving network card’s bandwidth limit (100 Gbps).

As mentioned, a single STARLIGHT detector module’s raw data rate can reach
5 GB・s−1. Test results indicate this rate is difficult to achieve with a single
thread but can be realized through two-thread concurrent reception, requiring
the electronics data output to support multiple connections per port.

3.2 Event Reconstruction

This study conducted joint testing of the software’s data reception and event
reconstruction modules, examining both single-node and multi-node scenarios.

Single-node testing: Using AGIPD detector simulation data generated from
the CXIDB ID 83 dataset, 16 simulated data sender processes ran across four
servers in Cluster B, continuously transmitting raw image data to the receiving
server. Both reception and event reconstruction modules ran simultaneously on
the receiving server for 30 minutes. During testing, total data transmission rate
maintained 11.51 GB・s−1, reaching the network bandwidth limit while leaving
over 30% CPU headroom. This demonstrates that online event reconstruction
rate is no lower than data reception rate with low CPU resource utilization.

Multi-node testing: To evaluate software performance and stability in dis-
tributed multi-node environments, Cluster A was used to test data reception
and event reconstruction modules. Four nodes simulated detector data trans-
mission while another four performed reception and reconstruction, achieving
approximately 23.5 GB・s−1 total parallel throughput. Network monitoring re-
vealed reception node bandwidth was approximately 1.75 times the transmission
node bandwidth. This occurs because event reconstruction and data reception
nodes are deployed on the same servers, with both operations consuming the
same network card bandwidth, resulting in higher total bandwidth usage than
reception alone. Figure 6 shows single-node network card bandwidth occupancy
during these tests. During event reconstruction, intra-node data exchange by-
passes the network card, while each node must receive data distributed from
the other three nodes. Combined with data flow from transmission nodes, the
reception-to-transmission bandwidth ratio calculates as (3 + 4) / 4 = 1.75.
Based on this analysis, single-node total data reception throughput reached
approximately 10.3 GB・s−1, near the single-node network bandwidth limit,
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explaining why the four-node reconstruction rate fell below the expected 40+
GB・s−1. In actual deployment, data reception will use Ethernet while event
reconstruction can use dedicated IB networks for intra-cluster data exchange,
avoiding this bandwidth limitation.

3.3 Data Compression

Compression tests evaluated both compression rate and ratio using LZ4 and
ZSTD methods on identical simulated data. ZSTD compression level is ad-
justable—higher levels yield slower compression but higher ratios. This study
tested bitshuffle combined with ZSTD at compression levels 1, 5, and 10. Re-
sults are shown in Table 3 (with ZSTD levels in parentheses). Bitshuffle + LZ4
achieves faster compression speeds but lower ratios compared to ZSTD. Bit-
shuffle + ZSTD provides higher ratios but significantly lower speeds. Notably,
using LZ4 alone produced larger files than the source, likely because LZ4 failed
to compress the raw data effectively while adding dictionary index overhead.

A 2023 JUNGFRAU data processing paper reported achieving a compression
ratio of 5.7 using FPGA-based bitshuffle processing combined with server-side
LZ4 compression [?]. This study’s tests did not reach that maximum ratio,
possibly because actual compression ratios depend on raw image data charac-
teristics such as overall signal amplitude and per-pixel noise levels, which affect
data redundancy after bitshuffle and thus compression efficiency.

3.4 Front-End Interface

The front-end interface module samples and displays images in real time, collects
runtime information, and monitors software status. It also transmits runtime
parameters—including configuration files—to other modules for online param-
eter adjustment, such as compression algorithm selection, compression level,
data file format, and storage paths. Additionally, the module communicates
with backend electronics to send slow control commands to the detector. This
study conducted preliminary interface testing and development, with an exam-
ple shown in Figure 7 displaying a complete AGIPD detector image after event
reconstruction and calibration, using test data from CXIDB ID 83.

3.5 Overall Software Operation Testing

Overall software testing encompassed the complete pipeline: data transmission,
event reconstruction, calibration, and compression. Both single-node and multi-
node distributed tests were conducted using the same hardware configurations
as the event reconstruction tests. In multi-node distributed testing on Cluster
A, four sending servers each deployed four sender processes, continuously read-
ing and transmitting data packets at 5,000 frames per second. Four receiving
servers each deployed four receiver processes, one event reconstruction process,
and four preprocessing processes. Average CPU usage during operation was
approximately 70%, with overall data processing throughput around 8.6 GB・
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s−1. In single-node testing on Cluster B, one receiving server deployed four pre-
processing processes in addition to event reconstruction modules. CPU usage
averaged approximately 85%, with overall processing throughput at 3.4 GB・
s−1. These results indicate that current servers struggle to meet tens of GB・
s−1 processing requirements for area detectors. Stepwise testing revealed that
data calibration, when saturating a single CPU core, only achieves 200 MB・s−1

processing rate, consuming excessive CPU resources in overall operation.

It is evident that CPU-only calibration and compression cannot meet require-
ments. While increasing server and CPU counts can improve overall through-
put, handling tens or hundreds of GB・s−1 raw data streams would require
prohibitively large server clusters. To control cluster scale and improve computa-
tional density, employing acceleration cards such as FPGA/GPUs for compute-
intensive data processing will be essential.

4 Summary and Outlook
Addressing the challenges of ultra-high-throughput data acquisition and analy-
sis for high frame rate area detectors, and to meet SHINE’s requirements for
high transmission rates and preprocessing performance, this paper presents the
development and testing of a series of distributed, high-performance DAQ and
preprocessing software based on C++. The study first tested and compared data
transmission methods, achieving 2.98 GB・s−1 single-thread TCP data reception
using boost::asio in synchronous mode. A novel online event reconstruction
method based on switches and server software was proposed, achieving approxi-
mately 11.51 GB・s−1 single-node raw data reception and online reconstruction
rates, and approximately 23.5 GB・s−1 across four nodes. Test results demon-
strate that the proposed software-based event reconstruction method operates
with high speed and stability across multiple nodes, exhibiting good horizontal
scalability. Additionally, this research developed and tested data calibration
and lossless compression functions, evaluating bitshuffle+LZ4/ZSTD compres-
sion performance to establish a foundation for further detector DAQ software
development and application.

Nevertheless, several aspects warrant optimization and improvement. Data cali-
bration and compression currently use only CPU resources, consuming substan-
tial CPU capacity and affecting overall software performance. To alleviate server
burden, future work must leverage acceleration cards including FPGA/GPU for
compute-intensive processing tasks.
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