X-ray simulations with gVXR as a useful tool for education,
data analysis, set-up of CT scans, and scanner development
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ABSTRACT

gVirtualXray (gVXR) is an open-source framework that relies on the Beer-Lambert law to simulate X-ray
images in real time on a graphics processor unit (GPU) using triangular meshes. A wide range of programming
languages is supported (C/C++, Python, R, Ruby, Tcl, C#, Java, and GNU Octave). Simulations generated
with gVXR have been benchmarked with clinically realistic phantoms (i.e. complex structures and materials)
using Monte Carlo (MC) simulations, real radiographs and real digitally reconstructed radiographs (DRRs), and
X-ray computed tomography (CT). It has been used in a wide range of applications, including real-time medical
simulators, proposing a new densitometric radiographic modality in clinical imaging, studying noise removal
techniques in fluoroscopy, teaching particle physics and X-ray imaging to undergraduate students in engineering,
and XCT to masters students, predicting image quality and artifacts in material science, etc. gVXR has also
been used to produce a high number of realistic simulated images in optimization problems and to train machine
learning algorithms. This paper presents applications of gVXR related to XCT.
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1. INTRODUCTION

The simulation of accurate and fast X-ray images remains a challenge. State-of-the-art Monte Carlo (MC)
methods can mimic the physics, by tracking photons as they travel from the source, through matter, to the
detector. The computational cost makes it prohibitive in many applications where speed is a requirement, e.g.
interactive virtual reality (VR) or high data throughput support. However, it is possible to trade o some of the
physical e ects such as scattering to speed-up computations, whilst retaining a high level of accuracy.

In this paper, we describe an open-source framework called gVirtualXray (gVXR) and show how it has been
deployed in various scienti c contexts. No proprietary technology is used, making it portable and deployable on
a wide range of hardware and software platforms. gVXR implements a deterministic simulation model based
on the Beer-Lambert law to generate noise-free images. They can provide a good compromise between speed
and accuracy' and can be implemented on graphics processor units (GPUs) for a further increase of speéd.
Unlike Monte Carlo methods, deterministic simulations tend to ignore scattering and noise. In gVXR, the latter
is added as a post-process.

2. DESCRIPTION

gVXR is an open-source application programming interface (API) written in C++ to compute the Beer-Lambert
law, also known as the attenuation law. If scattering is neglected and an ideal (i.e. Dirac) point-spread function
is assumed, X-ray projectionsl (x;y) can simply be modeled with the Beer-Lambert attenuation law:
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I (x;y) is the integrated energy in electronvolt (eV), keV or MeV, units of energy commonly used in atomic and
nuclear physics, received by pixel X;y). The beam spectrum emitted by the X-ray source is discretized in several
energy channels in the polychromatic caseE; corresponds to the energy of the-th energy channel. D (E;) is
the number of photons emitted by the source at that energyE;. When the source is monochromatic, e.g. in the
case of synchrotron radiation, a single energy channel is used. The detector resporR€E;) mimics the use of
a scintillator by replacing the incident energy E; with a smaller value, i.e. R(E;) < E;. The detector response
is assumed space-invariant in Equation 1.j indicates the j-th material being scanned when a multi-material
\object" is considered. (E;) is the linear attenuation coe cient in cm * of the j-th material at energy E;.
d; (x;y) is the path length in cm of the ray from the X-ray source to pixel (x;y) crossing thej-th material.

Polygon meshes, e.g. triangles, are used in gVXR to represent 3D objects. This method is commonly used
in computer graphics (CG), including real-time video games and VR, animations, and computer-aided design
(CAD). It is intuitive to compute the Beer-Lambert law with ray-tracing when polygon meshes are used. However,
this technique is relatively computationally intensive: i) a ray must be red between the source and each detector
pixel, and ii) intersection tests for each ray for each triangle of each 3D object must be performed. Freud et al.
adapted the Z-bu er technique to e ciently compute d; in Eqg. 1 from polygon meshes! It relies on rasterization
and does not require to sort intersections. In this case, each polygon is processed a single time, projecting it on
the detector plane, and using an accumulator bu er. The computational complexity is considerably reduced.

gVXR implements Freud's algorithm on GPU using a graphics API.2 Since its inception, functionalities have
been added to gVXR to improve the level of realism of the simulations. A monochromatic source was initially
used to mimic uoroscopy in a real-time medical VR simulator.® Polychromatism and the focal spot of the
detector were then introduced to improve realism® In 2013, the code was redeveloped to become, gVXR, and
was made available to the community as an open-source project on SourceForgkttps://sourceforge.net/
projects/gvirtualxray/ , accessed: 18 Jul 2024). The impulse response of the detector and Poisson noise are
also supported! The scintillator material of the detector and the tube voltage and beam ltration can now be
speci ed.®

gVXR is cross-platform: it runs on Windows, GNU/Linux, and MacOS computers (Intel architecture only,
although ARM support is planned). It supports GPUs from any manufacturer. gVXR is scalable: it runs



on laptops, desktop PCs, supercomputers, and cloud infrastructures. Containerization using Docker is even
possible? A wide range of programming languages (C/C++, Python, R, Ruby, Tcl, C#, Java, and GNU
Octave) can be used. Its Python package \gVXR" is available on the Python Package Index [ittps://pypi.
org/project/gVXR/ , accessed: 18 Jul 2024).

Scanned objects are de ned using polygon meshes. Surface meshes (triangles) in most popular le formats
(eg. STL, PLY, 3DS, OBJ, DXF, X3D, DAE) can be used. Volume meshes (tetrahedrons) in the Abacus format
may also be used but their support is experimental. The material property must be speci ed for each scanned
object. Chemical elements (e.g. the symbol "W' or the atomic number 74 for tungsten); compounds, e.g. J®
for water; mixtures, e.g. Titanium-aluminum-vanadium alloy, Ti90AI6V4; and Houns eld units (for medical
applications) are supported. The photon cross-sections provided by Xraylib littps://github.com/tschoonj/
xraylib , accessed: 18 Jul 2024) are used to computevalues in Eq. 110

Cone beam geometries (both point sources and focal spots) are supported to mimic X-ray tubes. A parallel
beam can be used to mimic synchrotrons. The beam spectrum can be either monochromatic or polychromatic.
Both SpekPy!! and Xpecgert? are supported as backends to specify the tube voltage and the beam Itration
used. To increase realism, photonic noise can be turned on. In this case, the photon ux must be speci ed.

It is possible to model ideal detectors as well as realistic detectors. In this case, the user can specify a point
spread function (PSF), i.e. the level of blur inherent to the detector, and the thickness and material composition
of the scintillator. It is also possible to simulate spectral imaging.

Orbital, helical and arbitrary trajectories are supported to simulate a CT acquisition. Appendix A provides
a full example of CT simulation with gVXR and CT reconstruction with CIL. 2 It is written in pure Python. It
is also possible to describe the simulation and CT acquisition in a user-friendly JSON le. Appendix B shows
JSON le corresponding to the previous example. When a JSON le is used, the Python code can be signi cantly
simpli ed (see Appendix C). Working copies of these programs are available as Jupyter notebooks on GitHub
(https://github.com/Tomographicimaging/gVXR-SPIE2024 ).

3. VALIDATION

Unit tests are implemented using CMake, CTest fttps://cmake.org/cmake/help/book/mastering-cmake/ ,
accessed: 18 Jul 2024) and GoogleTeshifps://google.github.io/googletest/ , accessed: 18 Jul 2024).
Continuous integration is deployed using Jenkins fttps://www.jenkins.io/ , accessed: 18 Jul 2024) to ensure
the robustness and replicability of the code. Coverage, the amount of code that has been executed during unit
tests, is 52% and is improving on a regular basis. Results of the nightly builds can be consulted on CDash
(https://Imy.cdash.org/index.php?project=gVirtualXray , accessed: 18 Jul 2024).

To validate the accuracy of gVXR, successive validation tests of increasing complexity were performed. Each
milestone was validated individually with an appropriate methodology. For the Beer-Lambert implementation,
we initially compared simple images simulated with gVXR with corresponding images simulated with a state-of-
the-art Monte Carlo package (Geant4/Gate).®

More advanced functionalities, such as voltage, beam lItration and scintillation, were validated using two
anthropomorphic phantoms. The rst one is a digital phantom: pEdiatRic dosimetRy personalized platfORm
(ERROR). * It corresponds to the anatomy of a 5-year-old boy. It is provided as a labeled 512 511 190
volume, which includes 24 di erent structures, such as air, muscle, bone, stomach-interior, cartilage, etc. As it is
a digital phantom, it can be used to compare gVXR and Gate's simulations. The number of photons impinging
the detector was 10. About 10 days of computations were required on the test computer to produce a simulated
image of 128 128 pixels with Gate; only a few microseconds gVXR. Both simulations are visually close (see
Figure 1). All the image comparison metrics indicate that the images are extremely similar when scattering is
ignored: Zero-mean normalised cross-correlation (ZNCC) is 99.99%; mean absolute percentage error (MAPE) is
2.23%, and structural similarity index (SSIM) is 0.99.

The second phantom is the Lungman anthropomorphic chest phantom (Kyoto Kagaku, Tokyo, Japan):® It
represents a 70 kg male. The phantom is made of materials with X-ray absorption properties close to those of
human tissue. Tumors of various densities are embedded. A computed tomography (CT) scan of the phantom



Figure 1: Comparison between X-ray projections simulated with GATE (left) and gVirtualXray (right). For
a fair comparison, each image is displayed using the same look-up table. MAPE: 2.23%, ZNCC: 99.99%, and
SSIM: 0.99.

was acquired with a device clinically utilized at Ysbyty Gwynedd Hospital (UK), a 128-slice Somatom De nition
Edge scanner by Siemens Healthcare (Erlangen, Germany). A digital phantom was rst created by image
segmentation using open-source toolkits, the Insight Toolkit (ITK)® and Visualization Toolkit (VTK). 7 The
digital phantom is freely available on Zenodo*® The material composition of each segmented structure is derived
from the average Houns led unit of the structure in the original CT scan. Schneider et al'®'s method is built
in gVXR to convert the Houns eld values into material compositions and densities. A CT scan acquisition
is then simulated using gVXR and reconstructed with CIL.*® The original CT scan taken with the Somatom

Figure 2: Comparison between a CT slice reconstructed from simulated projections with a slice from the original
CT scan. For a fair comparison, all the images are displayed using the same look-up table. MAPE: 5.01%,
ZNCC: 98.44%, SSIM: 0.78.



De nition Edge scanner can be compared with CT volume reconstructed from simulated data. Figure 2 shows
the corresponding slices are close to each other. Houns eld values are comparable. MAPE is about 5% and the
ZNCC is above 98%, indicating a high level of correlation between the two volumes.

gVXR is so fast that it is possible to embed the X-ray simulation into objective functions and register a
simulated radiograph on experimental data (see Figure 36). A real digital radiograph was taken with a clinical
X-ray machine by GE Healthcare (Chicago, lllinois, USA) at Ysbyty Gwynedd Hospital. The digital Lungman
phantom was registered to reproduce the same position and orientation as in the digital radiography taken with
the clinical device (see Figure 3). ZNCC is 98.91%, which is close to 100%; SSIM is 0.94, which is relatively close

Figure 3: Comparison between a digital radiograph taken using a clinically utilized X-ray equipment (left) and a
registered X-ray projection simulated with gVirtualXray (right). For a fair comparison, each image is displayed
using the same look-up table. MAPE: 1.56%, ZNCC: 98.91%, and SSIM: 0.94.

to 1; and MAPE is 1.56%, which is close to 0%. It demonstrates the ability of gVXR to reproduce radiographs
taken with clinically utilized devices.

4. APPLICATIONS
4.1 Digital twinning

Digital Twinning is the creation of virtual models of real-life components. In this case, gVirtualXRay allows
true representative X-ray simulations calibrated to real-life machines. To create a Digital Twin, all factors of an
X-ray system must be taken into account, ranging from the mechanics of the system (can the detector or source
move? What clearance is available for the sample?, etc) to X-ray source and detector properties (maximum kV,
focal spot size, pixel resolution, scintillator properties, PSF, and so forth).

A core part of creating a Digital Twin is calibrating the noise of a system based on the target amperage, this
involves an experimental method to measure the noise characteristics at di ering mAs values;- which then can be
exposed in the model as a parameter to users of the Virtual Twin. gVirtualXRay's exible API has allowed the
development of WebCT (https://webct.io/ , accessed: 18 Jul 2024), an interactive real-time web-based app
for X-ray simulation, allowing anyone of any skill level to quickly simulate an X-ray scanner (see Figure 4). This
is excellent for scan planning, answering feasibility questions, and teaching/training on X-ray systems without
requiring access to expensive equipment.

We are developing digital twins of speci c beamlines, including speci c laboratory computed tomography
(labCT) devices and a synchrotron. One of them is a new dual-beam XRCT laboratory equipment of the MatelS
laboratory (Lyon, France).?° The original concept of this design is that two beamlines are perfect twins, high
energy (300 kV), oriented at = 2 to each other, and share the same rotation stage (see Figure 5). This dual-beam



Figure 4: Video 1 { Interface of WebCT in a web browser. A wide variety of X-ray settings allow quick, iterative
scan planning and training. http://dx.doi.org/doi.number.goes.here

setup makes it possible to analyze a sample simultaneously from two di erent viewing angles. The noise model
is under validation and a speci ¢ dual-beam calibration protocol has been proposed: Several test samples
have been used to prove the feasibility of this dual-twin. We report here the acquisition and simulation of a
part of a lab tensile machine for in situ stress in scanning electron microscopes (SEM) because a CAD model
is available. Table 1 lists the most signi cant data acquisition parameters used during the experiment with the
dual-beam XRCT device. Simulated X-ray projections of the CAD model is registered onto the experimental (see
Figure 36). All the parameters available in Table 1 are used as parameters of the simulation. An optimization
algorithm moves the CAD model in the 3D space until the simulated and experimental images match. Figure 6
shows a great level of similarity between images acquired with the actual device and its digital twin. In an ideal
scenario, CT slices of a sample made of a single and homogeneous material correspond to binary images, i.e.
air vs. sample. However, beamhardening, focal spot, impulse response of the detector and noise corrupt the
experimental data. All the artifacts visible in slices reconstructed from experimental data are also visible in the
simulated ones (see Figure 7).

Figure 5: Dual-beam high-energy XRCT setup of the MatelS laboratory.



Table 1: CT scan parameters used during both the experimental scan and the digital twin.

Tube voltage [in kV] 160
Exposure 0.167s
Current 200uA
Beam ltration 0.4 mm of copper
Number of projections over 360 1120
Detector pixel pitch [in mm] 0:150 0:150
Image resolution [in pixels] 1432 872
SOD [in mm] 306.414
SDD [in mm] 807.248
Reconstruction algorithm FDK
Voxel size [in mm] 0:0569369 0:0569369 0:0569369

Figure 6: Comparison between X-ray projections taken with a real dual-beam XRCT laboratory device and its
digital twin. For fair comparison, both projections are displayed using the same lookup table.

Figure 7: Comparison between CT slices reconstructed from data taken with a real dual-beam XRCT laboratory
device and its digital twin. For fair comparison, both slices are displayed using the same lookup table.

We are also building a predictive tool for synchrotron yu-CT at the Dual Imaging And Di raction (DIAD)
beamline of the Diamond Light Sourcé? and integrating it in gVXR. DIAD is a dual-beam X-ray instrument
for quasi-simultaneous imaging and di raction, which operates two independent beams at energies of 7-38 keV
(Figure 8). The simulation model will be integrated into our web user interface for gvXR, WebCT.

The development of such digital twins opens up new perspectives, it is now possible:

~ To train users on speci c devices;

" To predict what experimental data will look like from CAD models;
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