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Abstract. In this work, we design and implement a user-friendly, AI-
empowered, auto-pipelining data analysis system for biological macromolecule
crystallography. It consists of four modules, (1) data reduction that generates
reference reflection files from X-ray diffraction images, (2) structure prediction
via database-querying or AlphaFold/OpenFold real-time prediction, (3) molec-
ular replacement and (4) module building and refinement. This data analy-
sis system, currently at Work-In-Progress stage, is based on and developed for
High Energy Photon Source initially, aiming at automatic, intelligent, and high-
efficiency software and will be open-source for academic research.

1 Introduction

X-ray crystallography is an important technique for revealing the structures of biological
macromolecules and understanding related biochemical processes [1]. It plays a crucial role
in providing detailed insights into the three-dimensional arrangement of atoms within these
molecules, enabling a better understanding of their functions and interactions [2], [3].

With the advancements in light source technology, particularly the construction and op-
eration of fourth-generation light sources like the European Synchrotron Radiation Facility
Extremely Brilliant Source (ESRF-EBS) [4], Advanced Photon Source Upgrade (APS-U) [5],
Advanced Light Source Upgrade (ALS-U) [6], and High Energy Photon Source (HEPS) [7],
significant progress has been made in the field of biological macromolecule crystallography
(BMX). These state-of-the-art facilities have facilitated the establishment of advanced BMX
beamlines, paving the way for the accumulation of vast amounts of raw experimental data [8].

Among the 14 beamlines of HEPS Phase I currently under construction, the BA beamline
is specifically designed for BMX. This beamline, equipped with cutting-edge instrumentation
and techniques, aims to further enhance the capabilities of X-ray crystallography in studying
biological macromolecules, offering researchers unprecedented opportunities to explore their
structures and functions. However, the abundance of data generated by these advanced light
sources, coupled with the integration of high-resolution hybrid pixel array detectors, poses
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significant challenges to the traditional manual or semi-automatic data processing procedures.
The large-scale and excellent-quality data obtained require robust data analysis techniques to
extract meaningful information and bridge the gap between experimental data and structural
interpretation. Data analysis serves as the key bridge between the “experiment” and the re-
sulting “structure”. Particularly for future advanced light sources that generate high-precision
and high-throughput data, efficient and accurate data analysis methods are essential to handle
the immense volume of information and extract valuable insights .

In this paper, we aim to introduce an AI-empowered, user-friendly data analysis system
for BMX, consisting of four modules. The system operates in two modes: real-time/online
analysis, which automatically processes user experimental data in the background using de-
fault parameters, and batch mode, where users configure analysis procedures through a graph-
ical user interface (GUI) before processing multiple datasets concurrently for improved per-
formance. All the tools and algorithms within the system are designed as interchangeable
plugins, allowing for convenient substitutions.

It should be noted that since this system is a Work-In-Progress (WIP) project, this paper
will focus on its design, current status, and future plan.

2 Algorithms and Software

In the field of BMX, significant advancements have been made in methodology over the
years. As a result, a plethora of software packages and algorithms have been developed to
aid in various aspects of crystallographic data processing and analysis. These software pack-
ages excel in specific areas such as indexing, integration, scaling, phasing, model-building
and refinement. Some notable examples include XDS, DIALS, HKL-2000/3000, AutoPX,
autoPROC, Phaser, Autobuild, Buccaneer, and SHELX.

XDS [9] is a widely used program for processing X-ray diffraction data, providing ac-
curate and efficient integration, scaling and correction of diffraction images. DIALS [10]
is a comprehensive software package that focuses on data indexing,integration, and scaling,
with an emphasis on high-quality data analysis. HKL-2000/3000 [11] is a popular suite of
programs that offers a range of tools for data processing, including scaling, merging, and
visualization.

AutoPX [12] and autoPROC [13] are automated pipelines that integrate multiple soft-
ware tools for data processing and analysis, providing streamlined workflows for crystallog-
raphers. Phaser [14] is a widely used program for molecular replacement, a technique used
to determine the phase information of a crystal structure. Autobuild [15] and Buccaneer [16]
are software packages that assist in automated model-building based on experimental data.
SHELX [17] is a suite of programs widely used for crystal structure determination and re-
finement.

These software packages and algorithms have significantly contributed to the progress
in biological macromolecule crystallography, enabling researchers to process and analyze
crystallographic data efficiently and accurately. By leveraging the capabilities of these tools,
crystallographers can gain valuable insights into the structures and functions of biological
macromolecules.

3 Design Goal and Project Architecture

The design goal of this data analysis system consists of three key points,

• Automation
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One of the modules of this system achieves automation through parallel-running modules
for each data processing step and an integrated pipeline for end-to-end data flow. Each
module encapsulates a distinct step, such as data normalization, indexing, prediction, and
modeling. The modules run in parallel on distributed compute resources for fast process-
ing of large datasets. The pipeline then automatically sequences the data through each
processing stage without manual intervention. This enables one-click execution of com-
plex workflows from raw data to final protein structures.

• Intelligence

Intelligent algorithms enhance automation with machine learning capabilities. The frame-
work provides both automatic selection of optimized parameters across modules and inte-
gration of AI algorithms like AlphaFold [18] and OpenFold [19] for predictive modeling.
Users can validate results and manually select the best outputs, combining human exper-
tise and machine intelligence. The system continuously improves through feedback loops,
retraining models on new data.

• Modularity

A modular architecture maximizes flexibility, performance, and scalability. Processing
modules are built using Docker containers for simplified deployment across environments.
The Daisy workflow engine parallelizes and schedules modules while optimizing resource
utilization. This high-performance distributed architecture can readily scale from laptops to
cloud clusters. The modular design also simplifies integrating new algorithms and software
innovations to incrementally enhance the system over time.

By combining automation, machine learning, and modularity, this software framework
provides an adaptable platform for efficient processing and analysis of large-scale structural
biology datasets. The system reduces manual labor while producing validated, high-quality
results. The approach is generalizable to other scientific domains with needs for automated
and intelligent data pipelines.

The project architecture can be divided into two stages, with the current emphasis on the
initial stage, which involves the implementation of the primary task. This stage primarily
focuses on the utilization of advanced X-ray crystallography techniques facilitated by state-
of-the-art synchrotron light sources for the analysis of biomolecular structures.

In this context, it is imperative for experiment users to provide the essential raw data
files, specifically the diffraction images, along with the corresponding protein sequence(s).
This requirement ensures the availability of crucial input data for the subsequent analysis
stages. The pipeline, meticulously designed for efficient and accurate analysis, enables par-
allel execution of the data reduction and structure prediction steps. This parallel processing
approach not only expedites the overall analysis workflow but also optimizes the utilization
of computational resources, leading to enhanced productivity and reduced processing time.

To further enhance usability and facilitate a seamless user experience, a graphical user
interface (GUI) has been designed and implemented. This GUI enables researchers to con-
veniently navigate through the experimental procedures and swiftly conduct data analysis.
The GUI encapsulates the functionalities of data reduction, structure prediction, and result
presentation, providing a cohesive and well-designed graphical interactive system. By con-
solidating these features into a unified interface, the GUI simplifies the complex analysis
process, allowing users to efficiently interact with the software and obtain insights from the
generated results.

The development of the GUI aims to improve the accessibility and usability of the soft-
ware, catering to users with varying levels of technical expertise. The intuitive design and
smooth operation of the graphical interface enable researchers to seamlessly perform exper-
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iment procedures, analyze data, and interpret the outcomes with ease. This integration of a
user-friendly GUI with the underlying data reduction and structure prediction algorithms con-
tributes to a comprehensive software package that enables quick and responsive experiment
procedures and data analysis.

It is worth noting that this stage of the project focuses on the implementation of the
main task, while the subsequent stage may involve additional analyses, such as validation,
visualization, and further refinement of the obtained structures, which will contribute to a
comprehensive and rigorous analysis of the biomolecular systems under investigation.

4 Current Status

The present status of this system will be delineated individually based on each project mod-
ule.

• Data Reduction

This module has been successfully implemented, accompanied by the design of an en-
hanced workflow that operates in a more intelligent manner. The new workflow ensures
improved data processing by prioritizing raw data, particularly those with lower quality, to
obtain output results with higher reliability and accuracy.

• Structure Prediction

This module has also been implemented and we design two different scenarios for it as
illustrated below in Figure 1 and Figure 2.

Figure 1. Scenario A: searching predicted structure database which is fast, but not friendly to uncon-
ventional sequences.

Figure 2. Scenario B: predicted using AlphaFold2 workstation that is usually with high accuracy but at
slow speed.

It is important to highlight that in scenario B, we have taken the initiative to deploy
and maintain our own AlphaFold2 prediction server. Additionally, we have localized the
genetic databases using full-NVMe SSDs, resulting in a substantial acceleration of the
database querying process. To ensure user convenience and seamless integration with GUI,
we have encapsulated the execution of AlphaFold2 structure prediction within a readily
configurable script, as depicted in Figure 3.
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Figure 3. Script template for performing structure prediction using AlphaFold2 on our computing
platforms.

• Refinement

Additionally, we have devised two distinct scenarios for the refinement module. However,
since this module is currently in its early stages of development, a comprehensive discus-
sion of its intricacies is beyond the scope of this paper.

• GUI

This module is highly inspired by the software Aquarium [20]. The development of user
interfaces are processing rapidly and now we have achieved a basic framework as illustrated
below. In the Figure 4, this is the entrypoint of our system’s GUI which consists of three
tabs: (1) Home, (2) Data Collection, and (3) Detail.

Figure 4. Main frame of the GUI.

And for the Detail tab, all necessary visualization and key values or statistics are shown,
for example, in Figure 5, and the data reduction can also be expanded as Figure 6.

5 Future Plans

In the future, our ongoing efforts will be focused on further advancing the implementation of
the main task project, while concurrently updating the system with various enhancements.
These improvements encompass augmenting the data reduction performance through the
utilization of heterogeneous acceleration techniques and integrating additional algorithms.
These developments are being carried out in close collaboration with beamline scientists and
experiment users, ensuring that the system is tailored to meet their specific requirements and
demands.
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Figure 5. Detail tab of the GUI,

Figure 6. Data reduction expanded under the Detail tab.

Moreover, we are committed to publishing the system, making it readily available for
public academic usage at the earliest opportunity. By sharing the system with the scientific
community, we aim to facilitate widespread access to advanced tools for biomolecular struc-
ture analysis, fostering collaborative research and enabling further discoveries in the field.

Simultaneously, we recognize the importance of developing our own algorithms and soft-
ware for BMX. This proactive approach will enable us to contribute to the advancement
of the field by introducing novel methodologies and innovative solutions that address the
unique challenges associated with analyzing complex biomolecular structures. As the field
of biomolecular structure analysis continues to evolve, we remain dedicated to staying at
the forefront of technological advancements. Through ongoing research and development,
in collaboration with experts in the field, we anticipate making significant contributions to
the advancement of both experimental techniques and computational algorithms, ultimately
facilitating a deeper understanding of biological macromolecules and their functional prop-
erties.
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