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Abstract

The size of 4D tomography datasets acquired at synchrotron or neutron imaging facilities can reach several terabytes, which
presents a significant challenge for their evaluation. This paper presents a framework that allows a compressed dataset to be kept
in memory and makes it possible to evaluate and manipulate the dataset without requiring enough memory to decompress the
entire dataset. The framework enables the compensation of imaging artifacts, including the compression artifacts of the 4D
dataset, through the integration of neural networks. The reduction of imaging artifacts can be performed at the imaging facility
or at the user's home institution. This framework reduces the computational burden on the computing infrastructure of large
synchrotron and neutron facilities by allowing end users to process datasets on their institution's computers. This is made possible
by compressing TBs of data to less than 128 GB, allowing powerful PCs to process TBs of 4D tomography data.

Keywords: 4D computed tomography, CT, synchrotron imaging, neutron imaging, neural network

1 Introduction

The 4D tomography at synchrotron sources and neutron sources is extremely data-intensive, as it is based on time series of 3D
volume datasets with a storage space of'e. g. 50 GB for each time step, so that the entire dataset of a 4D tomography scan reaches
the one-digit TB range. These data volumes will continue to increase due to increasing temporal and spatial resolution. Currently,
there is no software available, whether open source or commercial, that is capable of handling (visualizing, analyzing, and
evaluating) such large 4D datasets on standard computers (not computing clusters). As a result, the potential of 4D tomography
for science and industry has not yet been fully exploited. Thus far, individual users have developed individual solutions, which
are often of limited quality or scope, for their specific applications. These solutions are not transferable for use by third parties,
for example, due to software quality concerns. The results of recent years in the field of artificial intelligence have demonstrated
the considerable potential of neural networks, particularly deep convolutional neural networks (CNN), for the improvement of
tomography datasets. This is true even for large datasets, provided that suitable learning data is available. Image artifacts occur
during computed tomography (CT) scans, e. g. due to beam variations, and for 4D CT in particular, many types of artifacts occur
more frequently due to the shorter exposure times, the movement during the scan or residual phase contrast, which occurs due
to longer propagation distances caused by the sample environments used. To date, there are isolated solutions that attempt to
reduce these artifacts, but these are generally not made available to the end user. In most cases, the end user returns to their
institute after a measurement with reconstructed data and is then dependent on the image quality made available. Consequently,
a framework for 4D tomography data will be presented here as a contribution to the digital infrastructure for synchrotron and
neutron sources. More information about the framework can be found at [1].
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2 Al-based imaging methods for integration into the framework for 4D tomography and results

The authors are currently engaged in an ongoing project addressing various aspects of 4D tomography and developing a
framework for handling 4D tomography data. This chapter provides an overview of the preliminary results of the project and the
Al-based imaging methods and applications that are being addressed.

2.1 Compensation of 4D-CT noise and motion artifacts

Compensating for noise and motion artifacts in 4D-CT is increasingly critical in industrial applications such as automotive safety
systems, and aerospace inspections. This can be effectively achieved through the deployment of hybrid machine learning
techniques that seamlessly integrate established analytical operators with advanced deep neural network architectures [2]. By
embedding proven motion-compensation formulas and mathematically robust reconstruction algorithms within these deep
learning frameworks, industries can significantly enhance image quality, reduce ambiguities, and efficiently correct complex
temporal variations without the need for extensive training datasets. These integrated approaches not only improve structural
accuracy, clarity, and contrast but also minimize distortions caused by dynamic movements and inherent scanning noise, resulting
in higher fidelity volumetric images that consistently capture intricate details. Recent industry studies [2] demonstrate that such
hybrid models streamline the learning process, offering more reliable and computationally efficient outcomes. This provides a
stable and adaptable platform for precise 4D-CT image reconstructions, essential for applications requiring high accuracy and
reliability. Additionally, by incorporating well-established imaging operators into meticulously designed deep architectures,
these hybrid solutions ensure robust generalization across diverse operational scenarios. The combination of theoretical rigor
and adaptive learning mechanisms creates a powerful framework where prior knowledge and data-driven insights collaboratively
enhance the representation of structural and temporal patterns. Consequently, industries benefit from refined motion artifact
corrections and a training environment resilient to overfitting and random noise, enabling the handling of varied imaging
geometries, scanning protocols, and specific physiological characteristics. This translates to greater confidence for engineers in
detecting subtle abnormalities or changes over time. Furthermore, recent advancements highlight that strategically selected
regularization techniques and the integration of domain-specific knowledge can further bolster these methods [3], expanding
their applicability and fostering continuous innovation in merging classical reconstruction theories with deep learning
approaches.

2.2 Generation of 4D CT datasets using simulation

Syris [4] simulates X-ray wavefields generated by various synchrotron radiation sources. Objects are described either analytically
or by triangular meshes and their interaction with the wavefield is given by the transmission function [5]. The free-space
propagation between objects is modeled by the scalar diffraction theory [6] and the detection process including various noise
sources follows the EMVA 1288 standard [7]. Figure 1 shows an example of a simulation at different stages of the image
formation. All elements of the imaging process are time-dependent, enabling dynamic experiments such as time-resolved
tomography. Written in Python, syris provides a flexible, modular interface, while computationally demanding tasks are handled
by OpenCL for fast GPU-based calculations. This combination of flexibility and speed helps to optimize imaging methods and
measurement conditions, thus improving the synchrotron beam time efficiency. Accurate simulations are also essential for the
development of image processing algorithms, especially for Al-based processing of large 4D datasets. Figure 2 shows a
comparison of 3D reconstruction quality with different imaging artifacts.

X-ray image X-ray image with artifacts

Figure 1: Simulation of a capillary filled with spheres, projected thickness (left), X-ray projection with noise (middle), X-
ray projection with phase contrast, noise and scintillator spots (right).
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Reconstructed slice (no artifacts) Recon. slice (noise artif.) Recon. slice (noise and ring artif.)

Figure 2: slice through the 3D reconstructed volume of the capillary in Figure 1, no artifacts (left), noise present (middle),
noise and ring artifact stemming from scintillator spots (right).

Working with 4D data introduces intrinsically higher memory and computational demands. In our case, the time required to
sample the thickness of time-resolved meshes along a wavefront increases significantly. To address this, we leverage a real-time,
GPU-optimized data acceleration structure called the Linear Bounding Volume Hierarchy (LBVH) [8] alongside an enhanced
Ray/Triangle intersection algorithm [9]. The LBVH dramatically reduces computation times, achieving speedups of up to 100
times. Meanwhile, the improved Ray/Triangle algorithm enhances accuracy by virtually eliminating false positives and
negatives. It also optimizes memory usage and transfer overhead by adaptively employing higher precision only when necessary,
ensuring optimal performance without compromising accuracy. With a fast and accurate sample thickness computation, datasets
with individual isolated artifacts can be generated at first in order to disentangle the common 4D imaging problems.
Subsequently, datasets with all artifacts combined are created, which pose a significant challenge and can in turn serve to
benchmark and improve the 4D image processing and analysis algorithms.

2.3 Micro-CT digital volume correlation & volumetric optical flow

To track deformations and strains in order to elucidate morphology-function relationships of tomography volumetric data, an
optical flow neural network is developed for digital volume correlation (DVC) analysis. This network, named VoIRAFT [10],
estimates the dense 3D displacement field between the reference volume and the deformed volume, using a supervised training
approach on synthetic (see Figure 3) and measured datasets (see Figure 4). Experiments show that VoIRAFT performs well in
estimating different displacement fields compared to the cutting-edge variational DVC approach [11] for high-resolution
tomography data of bone-implant interfaces measured at synchrotron radiation-based computed tomography beamline.

Meanwhile, the volumetric optical flow study focuses on the computation and visualization of 4D optical flow between two 3D
time steps. In our application, we consider a scan of a zinc-air battery during its discharge cycle. The 3D scans were processed
to estimate the motion vectors within the volumetric data over time. The implementation leverages the Total Variation L1 (TV-
L1, [12]) optical flow method, extended to three spatial dimensions (X, Y, Z) and one temporal dimension (T), to capture the
displacement vector field. For enhanced efficiency, this method is applied at each level of a multiresolution image pyramid. This
methodology enables detailed tracking and visualization of material motion within tomographic data, offering insights into the
internal dynamics of an object. The approach combines robust preprocessing, accurate alignment, and high-fidelity visualization
techniques, demonstrating its utility in materials science and related domains. The visualization step is utilized to render the 3D
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Ground truth Variational method VoIRAFT

Figure 3: Evaluation of the synthetic displacement field based on the measured volume and the synthetically deformed
volume. The specimen consists of a magnesium-5%-gadolinium alloy and surrounding bone. The field component in the
direction of the screw’s symmetry axis is shown. Adapted from [10].
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Figure 4: Evaluation of the displacement field based on measured volume pairs, comparing to the variational optical flow
method. The specimen consists of a titanium screw and surrounding bone. The field component in the direction of the
screw’s symmetry axis is shown. Adapted from [10].

BN | LT L\ V1| L 1 T
ST ] I

S e W

(a) (b) ()
Figure 5: The evolution of a Zink-air battery neutron scan at time t (a) towards the state t+At after some time (c) is
efficiently captured by a dense volumetric optical flow computation (b), confirming the general intention of the movement.
The length of the devicted arrows indicate the magnitude of the movement

optical flow field. Figure 5a shows the volumetric data of the considered battery at some point in time t and its evolution during
a discharging (Figure 5c¢). The optical flow field Figure 5b captures the implicit movement in the material efficiently and confirms
in a visually appealing manner the intuition about the movement. Moreover, the length of the depicted arrows indicate the
magnitude of change, i.e. the speed with which the contained structures are moving.

2.4 Interactive data-driven segmentation

Due to the large variability of samples and scanning protocols at synchrotron facilities, there is a general lack of fully annotated
training data for obtaining robust deep learning segmentation methods. Therefore, we propose the extension of an interactive
segmentation procedure based on active learning [13]. In the latter, the volumetric data is visualized to the user, e.g., by displaying
slice images, and the user is prompted to annotate individual voxels. In our scheme, voxels belonging to the material/component
that shall be segmented are annotated with a positive label by a left mouse click (cf. blue crosses in Figure 6a) whereas voxels
belonging to other categories are marked with a negative label by a right mouse click (cf. red crosses in Figure 6a). From local
regions around these voxels, feature vectors are extracted and a sparse probabilistic classification method is trained [14].

(b)

Figure 6: Active learning based segmentation of a Zink-air battery scan. The user provides ground truth labels interactively
(a) from which a segmentation model is trained, yielding a probabilistic classification into particles (b).
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Hyperparameter tuning is performed using a parallel grid search approach. Applying the trained model on the volumetric dataset
(conceptually for all voxels in parallel, neglecting padding areas), yields a probability field indicating the probability of a voxel
belonging to the desired material/component. The active learning component of this workflow then utilizes the human-in-the-
loop approach where the user can decide if the segmentation is good enough. If not, the user can augment the set of annotated
voxels interactively and run the algorithm again. This workflow enables the segmentation of large volumetric datasets without
any a priori annotated training data and in a relatively fast manner. We demonstrate this workflow in Figure 6 on a neutron
tomography scan of a Zink-air battery [15]: As described, a user annotated interactively relatively few voxels by either a positive
or negative label. In this case, a positive label (blue cross) identifies voxels belonging to particles while negative labels (red
crosses) identify voxels not being particles (Figure 6a), the zoomed region shows this more clearly. After executing the algorithm,
probabilistic segmentation is produced (Figure 6b) in which each voxel is colored by the probability of it being a particle. The
result data may then be further postprocessed to yield the final segmentation.

2.5 Compression for archiving of 4D tomography data

At high resolution, scanning even a medium-sized sample results in very large datasets, necessitating efficient compression
methods. Based on the three-dimensional discrete wavelet transform (dwt3d) [16], data-adaptive and error-bound schemes with
better generalizability and control of compression quality can be realized compared to state-of-the-art methods, e.g., compressing
each slice of the dataset individually using 2D image compression. Our starting point for 4D compression is temporal
interpolation between two successive time steps (“frames”) by applying a 3D (Haar) wavelet transform to each frame and
compress the time steps individually. While interpolation is possible in both the standard basis and the wavelet basis, locally
varying levels of detail can result in high-resolution noise-like artifacts. Hence, we follow a different approach in the presented
4D compression prototype and select keyframes as every n-th frame, e.g., n=2,4,6, and predict the frames in between by locally
using data from one of the keyframes, inspired by video encodings (lifted to 3D). To that end, denote by j the one-dimensional
index identifying the current time step and by i the three-dimensional spatial index of any voxel of one time step. Any voxel of
the original 4D data is thus identified by x,%, resulting in the corresponding compressed and regularized 3D frame in the Haar
wavelet basis dwt3dreg(x?), and its according decompressed frame y%¥ =idwt3d(dwt3d:es(x?)). As regularization method, we use
the heuristic sparsification method presented in [17] such that a high peak signal-to-noise ratio (PSNR) is retained while
producing a strong compression. For j=kn, where k is some natural number, the frames at time j are independently 3D-
compressed. In the other cases, e.g., for n=2, we now consider the keyframes x? and x0*? to compress the frame x/*?. To exclude
time-independent reconstruction noise, we use the regularized frame data y,%’ or y,/*? as prediction p;*" to predict the (j+1)-th
frame at coordinate i, and we thus store the compressed and regularized prediction error dwt3dreg(x("V-p?*?) in its wavelet
representation. A keyframe at time (j) or (j+2) is locally selected as prediction reference for the voxel at coordinate i if the
variance of a local environment of size 3x3x3 voxels centered around 7 in one keyframe is smaller than in the other keyframe.
Intuitively, this prefers more homogeneous, i.c., less noisy regions. As an example application of this compression procedure,
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Figure 7: (a) PSNR values after decompression for 3D time steps in the Zinc-air battery scan after independent (“3D”) and
4D compression with varying distance n between keyframes. (b) Total compression and decompression times (in minutes)
for the tested algorithms applied to all 15 Zinc-air battery scan frames. The right legend applies to both plots in (a) and (b).

Algorithm 3D 4D, n=2 4D, n=4 4D, n=6
Compressed file size (MiB) |63.2 54.9 59.2 62.2
Compression ratio 63.4 73.0 67.7 64.4

Table 1: Compressed file sizes in MiB and compression ratios relative to uncompressed data when the compressed data is
persisted using the specified compression algorithm.
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we consider a Zinc-air battery scan [15] (512x512x267 voxels, 32-bit floating-point) with a total number of 15 frames, yielding
input data of roughly 4 GiB in size. Figure 7a shows the PSNR values of the independent 3D and keyframe-based 4D approaches
after decompression, whereas Figure 7b illustrates the cost of replacing more keyframes by predicted frames. Although the 4D
methods require more computational time, there are no significant differences in image quality. Yet, there are measurable
improvements when considering the size of the compressed files. Table 1 shows the file sizes of the compressed data and
compression ratios for the aforementioned algorithms, indicating that the 4D method with n=2 is best in terms of file size and
thus compression ratio, while the 3D method is clearly the fastest in this example. While the SCR file format [18] is used for the
3D compression, work on the SCR-based 4D prototype is still ongoing.

2.6 Online and real time decompression of 4D tomography datasets

To visualize a 4D dataset consisting of multiple timesteps with a 3D voxel dataset in each timestep, two possible strategies can
be used. One possibility is to load the entire 4D dataset into memory, which makes it easy to visualize changes in volume.
However, this approach is often not feasible due to the large amount of memory required. The other option is to load only one
or a small number of 3D volumes into memory. However, this means that evaluations that should be performed at each time step
have to be repeated several times, once for each time step. This process is often so time consuming that only a limited number
of time steps are evaluated and the information in the 4D dataset is not fully exploited. To address this challenge, the authors
have implemented a scheme where the data is kept in memory in a compressed form [19]. During visualization, for example,
when a 2D slice through the volume is displayed, the data required for that slice is decompressed and displayed. The
decompressed data is cached, so that the decompression is fast enough to work with the data in real time, i. e. as the slice is
moved through the volume the display will still be updated several times per second, even though the data is decompressed on
the fly.

The compression scheme used is JPEG, which was chosen because it is a well-known compression scheme and because of its
fast compression and decompression. To allow decompression of only part of the volume, the entire volume is divided into
blocks of 16x16x16 voxels. Each of these blocks then contains 16 slices of 2x2 JPEG blocks, for a total of 64 JPEG blocks to be
compressed. The resulting bitstreams for all blocks are concatenated, but an additional table gives the position of the bitstream
for each block, allowing decompression of individual blocks. Figure 8 shows the effect of compression with a compression ratio
of 10 on the quality of the data. As can be seen from the profile line Figure 8d, the deviation is very small and does not cause
any visible artifacts.

On an AMD Ryzen 9 7900X3D processor, it was possible to extract slices from the compressed data at between 5 MPixel/s and
10 MPixel/s, which is sufficient for interactive display of slices and smooth scrolling through the volume. The code for the voxel
viewer can be found at [20].

Figure 8: Slice through a volume of a battery scanned on the synchrotron at the Helmholtz-Zentrum Berlin, (a) original,
(b) compressed by a factor of 10, (¢) profile line through (a) and (b), (d) magnified detail of (c).

2.7 Processed 4D synchrotron data for NN training

The quality of the segmentation/classification of the 4D data is highly dependent on the accuracy of the available training data
from real samples. A multimodal, multidimensional characterization approach using a wider range of additional complementary
imaging tools, such as electron microscopy or FIB/SEM tomography [21], is used for detailed quantification/identification of
the material compositions in the samples or devices (e. g. batteries) analyzed by 4D synchrotron tomography by means of
complex, time-consuming hand-made segmentation and "human-in-the-loop" techniques. This allows us to obtain reliable
ground truth and training data for improved quantification accuracy and training of NNs. An important application of 4D
tomography is the operando examination of batteries. Suitable datasets for algorithm development are identified and selected.
As a rule, this data must first be processed (selection, formatting, new reconstruction if necessary) and converted into a suitable
format. Ground truth data from real data is required to train the NNs, for example to identify deviations between the simulation-
based training and the real data.

Copyright 2025 - by the Authors. Licensed under a Creative Commons Attribution 4.0 International License.



14th Conference on Industrial Computed Tomography, Antwerp, Belgium (iCT 2025), www.ICT2025.0rg

discharging
Figure 9: 4D tomography of a zinc-air battery during discharge; dissolution of the zinc particles [15].

A typical example for 3D data quantification is the analysis of active particles and their embedding in the surrounding matrix
electrodes (see Figure 9). Various quantitative analyses are performed based on the fully reconstructed and segmented 4D data.
The aim here is to demonstrate and verify the advantages of the concepts developed in this project on the basis of this use case
and to compare them with conventional procedures with data that is massively affected by artifacts - as has been the case to
date. Statistical analyses and comparisons, for example of the temporal structural and morphological changes as well as the
particle size and particle shape distributions, can be used to quantitatively verify the concepts developed for the specific
application and provide feedback for further optimization. For this reason, quantitative 4D analyses are also carried out here, in
which the datasets are analyzed using typical complex 3D evaluation algorithms (such as particle and pore size distributions,
tortuosity distributions, crack analysis, etc.).

The entire concept is also applied to 4D neutron tomography data, too. Datasets are also selected from the existing archives of
the Helmholtz-Zentrum Berlin. Here too, the data will first be converted into a format suitable for processing within the scope
of this project. Ground truth data will be extracted and used for training of the NN as it was done for the synchrotron data.

2.8 Application of the Framework for material characterization: dynamic water content analysis.

Gas diffusion layers (GDLs) are slim components in fuel cells which are responsible for fluid transport between the gas channel
structures on anode and cathode sides of the fuel cell and the electrochemical active layer between them. The GDL structure of
paper-type material is based on fibers with a thickness of 7 to 10 um, arranged almost planar. The typical thickness of such
GDLs ranges from 200 to 300 um, resulting in 26 fiber layers in the case of planar fiber arrangements, 7.5 pm fiber thickness
and 195 pum GDL thickness. Figure 10a shows a 2D slice of a geometry model which is stochastic equivalent to the 3D structure.
The real structure, however, looks like Figure 10b when taken from a Zeiss Xradia Versa nano-CT device, and like Figure 10c
when taken from the BESSY synchrotron. The 2D images represent a layer of the resolutions’ thickness of the 3D micro-structure
of the GDL.

Froning et al. [22] developed a CNN to predict the permeability of porous material from 3D image series. The artificial data was
taken to train a CNN to predict the permeability of a GDL from a 3D image set (like in Figure 10a). The CNN was applied to
real data obtained from the BESSY synchrotron (Figure 10b) and from a Zeiss Xradia Versa nano-CT (Figure 10c). Although
both kinds of real data images look somehow similar to human eyes with their image artifacts, the predictions of the CNN were
more accurate for data from the BESSY synchrotron than for data from a Zeiss Xradia Versa nano-CT device.

The dynamic water content in electrolyzers at Forschungszentrum Jiilich was analyzed by Colliard-Granero et al. [23] using deep
learning, however presently based on 2D image series.

Figure 10: Image data representing a slice of Toray GDL; (a) geometry model, 512x512 image, resolution; 1.5 um/px; (b)
image of size 1250x1250 from BESSY synchrotron, resolution: 1.5 pm/px; (c) image of size 694x670 from a Zeiss Xradia
Versa nano-CT, resolution: 1.797 um/px. Source of the images: [22], license: CC-BY
https://creativecommons.org/licenses/by/4.0.
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Conclusion

The processing and evaluation of large 4D tomography datasets represents a significant challenge due to their considerable size.
The proposed framework addresses several key aspects of working with 4D datasets. It provides support for the compensation
of 4D-CT noise and motion artifacts, the generation of 4D CT datasets using simulation, digital volume correlation, compression
with high compression ratios for archiving, and NN training based on 4D tomography data. It allows storing a compressed dataset
in memory, making it possible to work with large 4D datasets without the need for extensive hardware resources. By allowing
users to perform the evaluation on their institution's computers, it reduces the burden on the computing infrastructure of facilities
that provide synchrotron and neutron tomography. More information about the framework can be found at
https://kiddde.eu/.
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