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Real vs simulated?
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Aims of this session

= Discover what gVXR is;

Become familiar with the Beer-Lambert law to compute the attenuation of X-rays by matter;

Describe how the Beer-Lambert law is implemented in gVirtualXray;

Learn how to generate realistic, XCT projection data using the gVXR package; and

Focus on building simulation setups that mirror practical XCT scenarios.
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1. What is gVirtualXray (gVXR)?

https://gvirtualxray.sourceforge.io/ Example of triangle meshes showed in

wireframe.
= API (application programming interface)

= relying on the Beer-Lambert law

= to simulate X-ray images in realtime on a GPU (graphics processor
unit)

= using triangular meshes.

It is an alternative to Monte Carlo methods when scattering’ can be ignored or speed is required.

T Scattering may be added in the future
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What do people do with gVXR?

Used in a wide range of
applications, including:

= real-time medical
simulators;

= proposing new imaging
methods;

= prototype algorithms;

= studying noise removal
techniques;

= teaching particle physics
and x-ray imaging (250
students / year);

» predicting image quality
and artifacts;

= optimise scans; and

7 of 66

a lot of ML/Al nowadays.

Investigation of deep
learning approaches for
automated damage
diagnostics in fiber
metal laminates using
Detectron2 and SAM

The impact damage is one of the major
causes of structural failures in Fiber Metal
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Simulating X-ray Scans
to Improve Material
Analysis at Tetra Pak

What if time-consuming X-ray scans could
be replaced with realistic simulations? This
thesis shows how virtual imaging can

Single-View
Tomographic
Reconstruction Using
Learned Primal Dual

The Learned Primal Dual (LPD) method has
shown promising results in various

X-ray Image Generation
for Robotic Radiography:
a Case Study on Motion
Blur in Drone-Based
Wind Turbine
Inspections

Robotic X-ray imaging systems enable

autonomous insgect\on of the internal

replicate such scans and generate synthetic

Development of an
imaging protocol for
laser driven X-ray
sources

The Extreme Photonics Applications Centre
(EPAC) being built at the Central Laser
Facility in the UK will utilise a 10Hz Laser
Wakefield Accelerator (LWFA) to produce a
tuneable x-ray source, with energies ranging

I 4

-

Additive manufacturing
in aluminium of a
primary mirror for a
CubeSat application:
manufacture, testing,
and evaluation

Additive manufacturing (AM; 3D Printing), a
process which creates a part layer-by-layer,

Example of applications.
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Hybrid Modeling of
Material Imperfection
Indications in X-ray
Computed Tomography
Datasets

Machine learning, more specifically Deep
Learning models, have shown remarkable
potential for analyzing 3D CT data within

both material science and NDT
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@ &
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Assessing
manufacturing defects
in ceramic composites
with both simulated and
experimental
synchrotron computed
tomography

Non-destructive testing using X-ray
computer tomography (XCT) has been used

. B ERSNEL

4

Synthetic Data
Generation Pipeline for
Multi-Task Deep
Learning-Based Catheter
3D Reconstruction and
Segmentation from
Biplana[ X-Ray Images

Catheter threg-dimensional (3D) position
reconstruction is a technology that
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How to get help

= Email me (Franck P. Vidal, STFC);

Join the discord: https://discord.gg/eZj3CDBqCz;

Raise an issue on GitHub: https://github.com/Tomographicimaging/gVXR-Tutorials/issues;

Open a ticket on SourceForge: https://sourceforge.net/p/gvirtualxray/tickets;

In Python, check the technical documentation, e.g.
e calling help (gvxr) for help on the Python package, or

» something like help (gvxr.function_name) for a specific function.

It is also available at https://gvirtualxray.sourceforge.io/documentation/
e [tis formatted in C++;

o SimpleGVXR API also applies to Python.
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Implementation

= R&D started in the early 2000s, VXI' by Nicolas Freud (INSA-Lyon), and
= Its port on GPU when they became programmable (Bangor University, 2007);
= Not a ray tracer, but a rasterizer!

» Reimplementation from scratch as open source project on <> SOURCEFORGE
e Registered on 2013-12-01;
e 4544 commits on 2026-09-09 (v2.1.0). (average of 1.5 commit a working day in 12.5 years)

e Implemented in C using eenGL
o 173 C++ source files, 21036 lines of comments, 89950 lines of code

o 123 C++ header files, 17482 lines of comments, 61203 lines of code

o

69 CMake files, 1686 lines of comments, 5273 lines of code

o

81 GLSL files, 4249 lines of comments, 2965 lines of code

o

599 source code files, 49881 lines of comments, 199341 lines of code

o Wrapper for @ python” (R ﬂ B@ e gngC

T Freud et al. (2006), “Fast and robust ray casting algorithms for virtual X-ray imaging”
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Rasterisation

"4 How it works

= Converts 3D geometry (triangles) into 2D pixels.

W oo’ |exide 1B ns MMM &

Projects objects onto a screen from the camera'’s perspective.

Determines which pixels belong to which triangles.

2) Loop over pixels. Does the pixel lle in the triangle?

Applies shading, textures, and lighting approximations. TS

Key strengths ,’

Very fast — ideal for real-time applications (games)

Hardware optimized (GPUs have dedicated raster units) (c) www.scratchapixel.com

Efficient for large, complex scenes
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Ray Tracing (Physically-Based Rendering)

"4 How it works

» Simulates rays of light:

N N

Y
YAV

¢ Rays shoot from the camera into the scene

\V.VAVA/
X X A7

|

K
N

e They bounce between surfaces

e Lighting is calculated based on physical interactions

Handles reflection, refraction, shadows naturally

® www.scratchapixel.com

(c) www.scratchapixel.com
Key strengths

Highly realistic lighting

Accurate reflections, shadows, translucency

Global illumination emerges naturally

9 gvxr

14 of 66 06/07/2026, 14:58


http://www.w3.org/Talks/Tools/Slidy2/help/help.html
http://www.w3.org/Talks/Tools/Slidy2/help/help.html
javascript:w3c_slidy.toggle_table_of_contents()
javascript:w3c_slidy.toggle_table_of_contents()

Introduction to X-ray attenuation and its implementation in gVXR (63)

15 of 66

Ray Tracing vs Rasterisation

file:///home/fpvidal/PROGRAMMING/GitHub/gVXR-CIL-training-ICTMS2026/slides/gVXR.html...

Feature Rasterisation Ray Tracing

Speed \(ery fast (real- Slower (compute
time) heavy)

Realism Approximate Highly realistic

N Precomputed / .
Lighting tricks Physically accurate
Shadows  Shadow maps Natural soft
shadows

Reflections Screen-space / True reflections
cube maps

Typical Games, real-time  Film, high-end, RTX

Use apps games

Source: Intel blog titled “Real Time Ray-Tracing: The End of

Rasterization?”
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Cross-platform

— ] .
= Operating systems: 5l @& %) (binaries for MacOS are no Computers:

longer distributed) e On-board computers (OBCs)

= CPUs: ° %

°o NVIDIA. Jetson

. AM D n * Personal computers (PCs)

N
arm °
=

= GPUs:
e Data center and High-performance computing (HPC)

. A NVIDIA oystems
] AM D u o STFC SCARF

SUPERCOMPUTING WALES
° UWCHGYFRIFIADURA CYMRU

(80

° Google Colab

. &* (software rendering with Mesa 3D) . €O CODE OCEAN

reproducible research)

= Containerisation with -* docker

(used for

9 gvxr

16 of 66 06/07/2026, 14:58


http://www.w3.org/Talks/Tools/Slidy2/help/help.html
http://www.w3.org/Talks/Tools/Slidy2/help/help.html
javascript:w3c_slidy.toggle_table_of_contents()
javascript:w3c_slidy.toggle_table_of_contents()

Introduction to X-ray attenuation and its implementation in gVXR (63)

Easy installation for © PY"o"

python’

Package
Index

Al
H

=

= Available on . https://pypi.org/project/gvxr/
» For MS Windows (x86_64 architecture only);

» GNU/Linux (x86_64 and aarch64 architectures)

pip install gvxr

17 of 66
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Jupyter Notebook 1: Test installation

» test_installation.ipynb

= Run the quick test scripts provided with gVirtualXray’'s Python package to make sure the installation is working well on your
system.

[] CO Open in Colab

{» gVxR

Test installation

. 5 Y SRR
- Aims of this session

1. Check that gVirtualXray is working well

Task:

9 gvxr
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2. What can we scan?

= Surface mesh from files (all common formats are supported, inc. STL)

Corresponding STL file obtained using 3D laser scanning.

9 ovxr
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2. What can we scan?

= Surface mesh from files (all common formats are supported, inc. STL)

» Multi-part models using multiple different materials

Paediatric phantom from the ERROR project (https://error.upatras.gr/).
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2. What can we scan?

= Surface mesh from files (all common formats are supported, inc. STL)
» Multi-part models using multiple different materials

= Volume meshes (INP files from Abaqus, EXPERIMENTAL)

Tooth model

Volumetric mesh made of tetrahedrons.
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2. What can we scan?

= Surface mesh from files (all common formats are supported, inc. STL)
= Multi-part models using multiple different materials
» Volume meshes (INP files from Abaqus, EXPERIMENTAL)

= Implicit modelling (organic-looking n-dimensional isosurfaces)

Positive + negative density

Far from each other Getting closer Close from each other fields
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2. What can we scan?

= Surface mesh from files (all common formats are supported, inc. STL)

Multi-part models using multiple different materials

Volume meshes (INP files from Abaqus, EXPERIMENTAL)

Implicit modelling (organic-looking n-dimensional isosurfaces)

Customisable built-in phantoms

Welsh drago Step wedge Geometric shapes

P

7 4

Fully

customisable Fully customisable Cuboids, spheres, cylinders, To appear

inc. boolean operations
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3. Beer-Lambert law (monochromatic)

Imono(Z,y) = E x D(E) exp (— Z_m(E) di(w,y)>

» Fis the Energy E emitted by the source
= D(FE) is the number of photons of Energy E emitted by the source
= u;(E) is the linear attenuation coefficient at Energy E of the i-th material;

» d;(x, y) is the path length of the ray from the X-ray source to pixel (z, y) crossing the i-th material.

9 gvxr

24 of 66 06/07/2026, 14:58


http://www.w3.org/Talks/Tools/Slidy2/help/help.html
http://www.w3.org/Talks/Tools/Slidy2/help/help.html
javascript:w3c_slidy.toggle_table_of_contents()
javascript:w3c_slidy.toggle_table_of_contents()

Introduction to X-ray attenuation and its implementation in gVXR (63) file:///home/fpvidal/PROGRAMMING/GitHub/gV XR-CIL-training-ICTMS2026/slides/gVXR.html...

Jupyter Notebook 2: First X-ray simulation

» first_xray_simulation.ipynb

Explore the step-by-step notebook to create our first X-ray radiograph.

A mono-material object is imaged with a monochromatic source and an ideal detector.

We show how to visualise the X-ray radiograph and take a screenshot of the 3D visualisation of the simulation environment.

"Il CO Open in Colab

First simulated X-ray image

Aims of this session
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Jupyter Notebook 3: Numpy integration

= humpy_integration.ipynb

= Experiment with the Numpy integration to speed up the simulation by avoiding memory copies when the simulated data
must be accessed in Python.

[] CO Open in Colab

,,,,,,,,,,,,,,,,,,,,,,,,,,,

¢ gVXR

Numpy integration

- Aims of this session
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Why was this notebook important: Advantage of NumPy arrays over
Python Lists

= Memory preallocation;
= Memory efficiency;
» Associated speed of reads and writes;

» Benefit of all the Numpy functionalities on arrays (e.g. min (), max (), average(), std(), +, -, x, /, etc.).

Number of images simulated in Compute time for Compute time for 1609

. Pythop Array type . . Speedup
integration one second one image images
False Python lists 320 3.12ms 5s N/A
False Python lists to 124 8.09 ms 13s 0.39
Numpy arrays
True Numpy arrays 1269 0.79 ms 1s 3.96

= Computed on:
e 0S: GNU/Linux — openSUSE Leap 16.0
e GPU: NVIDIA GeForce RTX 4060 Ti/PCle/SSE2
e OpenGL version: 4.3.0 NVIDIA 595.80
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4. Built-in functionalities

Incident energy: 150 keV

1. Flexible material composition;

Carbon Titanium Gold

Chemical elements

Incident energy: 30 keV

Carbon dioxide Water Silicon carbide
“ ‘N '
| m— | smmmam
Compounds
Incident energy: 30 keV
Ti90AI6V4 [22, 13, 23], [0.9, 0.06, 0.04] ["Ti", "Al", "V"], [0.9, 0.06, 0.04]
Mixtures

T Text in bold characters marks components validated against Monte Carlo simulations}
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Jupyter Notebook 4: Multi-material sample

= multi_material-lungman_phantom.ipynb

In this notebook we practice, amongst other things, how to set simulation parameters related to the X-ray source and
detector; and

demonstrate how to load several STL files and use them all in the simulation (multi-material).

We aim to replicate a digital radiograph (DR) of the Lungman anthropomorphic chest phantom (Kyoto Kagaku, Tokyo,
Japan) taken with a clinical X-ray machine by GE Healthcare (Chicago, lllinois, USA) at one of our local hospitals (Glan
Clwyd).

Parameters relevant to the simulation are extracted from the DICOM file, such as source-patient-distance and source-
detector-distance.

] CO Open in Colab

N_materiai-lingman_pr @ | +
a+x00 >

{9 aVXR

Multi-material example: Lungman phantom

il use the knowledge learned in first_xray_simulation.pynb to set some of the simulation parameters. We
iachine by GE Healthcare (Chicago, llinois, USA) at one of our local hospitals (Glan Clwyd). Parameters

icate a digital radiograph (DR of the Lungman anthropomorphic chest phantom (Kyoto Kagaku, Tokyo, Japan) taken
lation are extracted from the DICOM file, such -patient-distance and

me hospital (Ysbyty Gwynedd) using a 128-slice Somatom Def
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4. Built-in functionalities

Beam spectra illustrating the effect of filtration

—I Flexible matel‘ia| composition Tube voltage: 150 kV, filtration: 10 mm of Al and 5 mm of Cu
) ! Without filtration With filtration
2. Monochromatic & polychromatic spectra: 101 T eepn | T o Xpecoen

0.8 0.8

0.6 0.6

0.4 1 0.4 1

Photon count (in arbitrary unit)

0.2 1 0.2 1

0.0 - 0.0 -
20 40 60 80 100 120 140 60 80 100 120 140
Energy (in keV) Energy (in keV)

Spectrum comparision

T Text in bold characters marks components validated against Monte Carlo simulations}
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4.2) Beer-Lambert law (polychromatic)

Loy(z,y) = ZE x D(E)) exp( Z“l ))

= Polychromatism (> j): Images are integrated over J energy bins.
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Introduction to X-ray attenuation and its implementation in gVXR (63)

4. Built-in functionalities

1. Flexible material composition;

Spekpy without
filtration

Effect of filtration
Tube voltage: 150 kV, filtration: 10 mm of Al and 5 mm of Cu

Spekpy without
filtration

Spekpy with
filtration

file:///home/fpvidal/PROGRAMMING/GitHub/gVXR-CIL-training-ICTMS2026/slides/gVXR.html...

Spekpy with
filtration

2. Monochromatic & polychromatic spectra:

W

= including kV and beam filtration;

o=

W

W

Image comparision (with/without filtration)

Diagonal profiles

1.04

0.8

0.6 4

0.4 1

024 Spekpy without filtration

= Xpecgen without filtration
Spekpy with filtration

0.04 — Xpecgen with filtration

N

—

(') 50

160 150

200

Profile comparision (with/without filtration)

T Text in bold characters marks components validated against Monte Carlo simulations}
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Jupyter Notebook 5: Polychromtic X-ray tube spectra

= polychromatism.ipynb
= |n this notebook we explore how to specify polychromtic X-ray tube spectra, without and with filtration.
= We also shows how to plot the spectrum.

] CO Open in Colab

{s aVxR

X-ray tube spectra

Import packages
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4. Built-in functionalities

Focal spot type Size

. 0.0
2. Monochromatic & polychromatic spectra: Point mm

0.25 x

0.25 x
Cube
3. Parallel beams, point sources, & focal spots’; 0.25
mm

0.25 x
Square 0.25
mm
0.25 x
Rectangle 0.5
mm
0.25 x
Rectangle rotated by 25° 0.5
mm

1. Flexible material composition;

= including kV and beam filtration;

0.0175 A

0.0150
0.0125 4

0.0100

0.0075

—— Point (no LSF)
0.0050 1 Point (LSF)

Cube

0.0025 { — Square
Rectangular
0.00004 — Rectangular, tilted

Focal spot type comparision /
pot typ p (‘\’ gVXR

T Text in bold characters marks components validated against Monte Carlo simulations}
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4.3) Beer-Lambert law (polychromatic + focal spot)

Irs(x ZZE x D( -exp( Z“z 1) ,y))

= Focal spot () _,): Images are integrated over K point sources.
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4. Built-in functionalities

. . .. Polychromatic; Tube voltage: 80 kV; 200 million photons
1. Flexible material composition; 600 um of 1200 pm of 600 um of 1200 pm of

Ideal detector Cesium iodine Cesium iodine Gadox iodine Gadox iodine
2. Monochromatic & polychromatic spectra:
. . . r r | g [ g | g
= including kV and beam filtration;
3. Parallel beams, point sources, & focal
spots’;
| r | g F [ g
4. Scintillation;
Lo | el ot 1. - i i::;r;;r-.f.- 1.0 - by "-"."A'.'-c‘ 10 | AN peleetly 1o 1 ey AN
| | |
0.5 "“ 0.5 4 } [ 0.5 - ‘ = 0.5 4 “" 0.5 l ‘.“5
0.0, el .04, .04, — 0.0 1, }— . 0.0 1, U
0 200 0 200 0 200 0 200 0 200
—— Geant4/Gate = —— gVXR]

Scintillator comparison (gVXR vs. Geant4)

T Text in bold characters marks components validated against Monte Carlo simulations}
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4.4) Beer-Lambert law (polychromatic + focal spot + scintillation)

I(z,y) = Y Y R(E;) x D(E;) exp <— > i By) dig(z, y)>
k j )

= Scintillator (R(E;)): energy response of the detector, a lookup table.
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Jupyter Notebook 6: Scintillation

= scintillation.ipynb
= |n this notebook we explore how to create a detector with a scintillator.
= We also shows how to plot the corresponding energy response.

] CO Open in Colab

¢ gVXR

Scintillation

Import packages
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4. Built-in functionalities

1. Flexible material composition;
2. Monochromatic & polychromatic spectra:
= including kV and beam filtration;
3. Parallel beams, point sources, & focal spots’;

4. Scintillation;

5. Impulse response of detectors;

file:///home/fpvidal/PROGRAMMING/GitHub/gVXR-CIL-training-ICTMS2026/slides/gVXR.html...

Diagonal profile

X-ray image without impulse response

Diagonal profile

X-ray image with impulse response

Image comparision (with/without blur)

Diagonal profile
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4.5) Beer-Lambert law (polychromatic + focal spot + scintillation + PSF)

Ipsp(z,y) = PSF x> Y R(E;) x D(E;) exp (- > i By dig(z, y))
k J i

= Detector blur (PSF): 2D impulse response of the detector, a low-pass convolution filter;

= x: spatial convolution operator.
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4. Built-in functionalities

Image simulated with Gate and gVirtualXRay using
6000000 photons in total

1. Flexible material composition; Gotp (11740 seconds it 24 threndsore) o003 secont)

20 20

2. Monochromatic & ) .
polychromatic spectra: w w

80 80

» including kV and beam filtration;

3. Parallel beams, point sources, &

08 1.0 00 02 04 06 08 1.0
Digonal intensity profile

Signed error

focal spots’;
4. Scintillation;
5. Impulse response of detectors;

6. Noise (electronic & photonic).

-1.00 -0. -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

Poisson noise comparison (gVXR vs. Geant4)

T Text in bold characters marks components validated against Monte Carlo simulations}
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4.6) Beer-Lambert law (polychromatic + focal spot + scintillation + PSF +
electronic noise & photonic noise)

Inoisy(z,y) = Gauss(6, o) + gain x (PSF * Z Z R(E;) x Poisson < ;) exp ( Z,U/z i) dik(z y)) ))

J

= Electronic noise (Gauss(6, 0)): additive Gaussian noise of average 6 and standard deviation o corresponding to the dark
field image

= Detector gain (gain): a multiplicative factor

= Photonic noise (Poisson): Poisson noise that depends on the number of photons.
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4.6) Final approximated model

= Models of Poisson noise: computationally slow;

Complexity for previous slide: O(n?):

« one call of Poisson()

o for every pixel

o for every energy bin

« for every focal spot source point

Approximation: O(n): one call for every pixel only.

e9p — ZjD(Ej) 1
P S R(E)D(E) p2e

Scaling factor (e2p): convert an integrated energy (I) in into an approximated number of photons;

Scaling factor (p2e): convert an approximated number of photons in an integrated energy.

Itinai(z,y) = Gauss(6, o) + gain x (PSF x (p2e x Poisson (I(z,y) X e2p)))

44 of 66
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4. Built-in functionalities

1. Flexible material
composition;

2. Monochromatic &
polychromatic spectra:

= including kV and beam
filtration;

0:00/0:16

3. Parallel beams, point o
1 3D visualisation
sources, & focal spots’;

4. Scintillation;

5. Impulse response of
detectors;

6. Noise (electronic &
photonic).

7. Interactive 3D
visualization

T Text in bold characters marks components validated against Monte Carlo simulations}
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Jupyter Notebook 7: 3D visualisation

= visualisation.ipynb

= Get familiar with the three different 3D visualisation methods provided with gVXR, including:
1. K3D to interactively visualise the 3D scene in a Jupyter widget,
2. a customisable static 3D visualisation, and
3. an interactive 3D visualisation window.

= |n this notebook you will also create a multi-material sample.

[l CO Open in Colab

d gVXR

Built-in 3D visualisation

- Aims of this session

60

60
40

- n :’
20 02z
20

T 0 110
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5. Is gVXR validated?

" Against state-of-the art Monte 10 days with GATE vs. 1 second with gVirtualXray for 128 x 128 pixels
Carlo simulation, namely oy ity R 3

Geant4/Gate

40 60 80 100
Pixel position
(in mm)

Diagonal profiles

0.8

Pixel intensity
e
o

14
-

e
)

—— Ground truth (Geant4/GATE)
—— gVirtualXRay

0.0

0 20 40 60 80 100 120
Pixel position (in mm)

MAPE: 3.12%, ZNCC: 99.96%, SSIM: 0.99

T Pointon et al. (2023), “Simulation of X-ray projections on GPU: Benchmarking gVirtualXray with clinically realistic phantoms”
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5. Is gVXR validated?

» Against state-of-the art Monte Carlo simulation, namely
Geant4/Gate

» Against DRRs computed from experimental data
acquired with a clinically utilized device

file:///home/fpvidal/PROGRAMMING/GitHub/gVXR-CIL-training-ICTMS2026/slides/gVXR.html...

-
g 8
8

Pixel position
(in mm)
8

100

g

°

7500

7000

o
v
=3
=3

Pixel intensity
o
=3
o
o

5500

5000

gVirtualXRay Relative error (in %)

400 100 200 300 400

Diagonal profiles

\Nw‘."| W

w’\\ [,

F Vg, S
¥

W‘\ #‘
N
“.*w , .}f
4 \
vy*. M I\(‘ 'ﬂ
V"W Mj y —— Ground truth (Digital Radiography)
V gVirtualXRay
0 50 100 150 200 250 300

Pixel position (in mm)

MAPE: 1.76%, ZNCC: 99.66%, SSIM: 0.98

T Pointon et al. (2023), “Simulation of X-ray projections on GPU: Benchmarking gVirtualXray with clinically realistic phantoms”
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5. Is gVXR validated?

Ground truth

» Against state-of-the art Monte Carlo simulation, namely
Geant4/Gate

gVirtualXRay Relative error (in %)
e T

» Against DRRs computed from experimental data
acquired with a clinically utilized device

-2

-4

200 300 0 100 200 300 [ 100 200 300

= Against digital radiographs acquired with a clinically
utilized device

Pixel intensity
(=]
(=3
(=3
o

5500 \%( i‘; |
SV
W —— Ground truth (Digital Radiography)

gVirtualXRay

0 50 100 150 200 250 300
Pixel position (in mm)

MAPE: 1.56%, ZNCC: 98.91%, SSIM: 0.94

T Pointon et al. (2023), “Simulation of X-ray projections on GPU: Benchmarking gVirtualXray with clinically realistic phantoms”
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5. Is gVXR validated?

= Against state-of-the art Monte Carlo simulation, namely Geant4/ Slice from original CT scan T slios reoomstructod Absolute differonce
Gate
= Against DRRs computed from experimental data acquired with a
clinically utilized device
» Against digital radiographs acquired with a clinically utilized e e e
deVice 7504 — Ground truth (real CT) _ ) =
. . . . . |
» Against CT slices from experimental data acquired with a , 0 m | f; ﬂ
. . - . i oo e/ «‘,nvhj bt g \
clinically utilized device £ ‘ “ | |
B s00 |I ‘
-750 ‘ \ [ ‘
~1000 \M»AW‘\WWWANMMNAM‘ ‘\MA«\AM U\"‘\J\ LV"W “,‘AA,,M

Pixel position (in mm)

MAPE: 4.46%, ZNCC: 99.05%, SSIM: 0.82

T Pointon et al. (2023), “Simulation of X-ray projections on GPU: Benchmarking gVirtualXray with clinically realistic phantoms”
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Is gVXR fast?

file:///home/fpvidal/PROGRAMMING/GitHub/gVXR-CIL-training-ICTMS2026/slides/gVXR.html...

It was initially used in realtime medical VR for training purposes. So speed and accuracy are both requirements and tradeoffs

must be found!

= Spectrum: polychromatic with 50 energy bins .
Auminiumz-o_
= Resolution: 100 x 100 pixels camens e
= Flat field images: 10 s :z AR
= Number of threads for the Monte Carlo simulation: 24 o 25 50 75
[ eee—

0

CPU: AMD Ryzen 5900X Signed error

GPU: NVIDIA GeForce RTX 4060 Ti 20.

0

.0 0.5 1.0
25 50 75
L —
1 0 1

Comparison: Geant4 vs gVXR

51 of 66

Gate (108.45 seconds with 24 threads/cores)
A 07

Pixel intensity

20

40

60

80

o gVXR (0.04 seconds)

0 25 50 75

——— )
0.0 0.5 1.0

Diagonal intensity profile

20 40 60 80 100
Pixel position
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Runtimes
Photon count Execution time Execution time Speed-up factor
with Gate with gVXR
[in hh:mm:ss] [in ms]

100,000 x 11 00 :01:47 32 3,378
275,000 x 11 00 :01:47 32 3,307
775,000 x 11 00 :01:48 35 3,090
2,150,000 x 11 00 :01:51 34 3,273
6,000,000 x 11 00 :01:57 31 3,812
16,000,000 x 11 00 :02:22 36 3,958
46,000,000 x 11 00 :05:24 40 8,059
130,000,000 x 11 00 :13:24 362 2,433
360,000,000 x 11 00 :36:34 36 6 0,783
1,000,000,000 x 11 01 :41:07 311 94,208
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6. CT simulation

void computeCTAcquisition(const std::string & aProjectionOutputPath,

const std::string & aScreenshotOutputPath,
unsigned int aNumberOfProjections,

float aFirstAngle,

bool anIncludeLastAngleFlag,

float aLastAngle,

unsigned int aNumberOfWhiteImagesInFlatField,
float aPosition0fCentreOfRotationX,

float aPosition0fCentreOfRotationy,

float aPosition0fCentreOfRotationz,

const std::string & aUnitofLength,

float aAxisOfRotationX,
float aAxisOfRotationy,
float aAxisOfRotationz,
bool anIntegrateEnergyFlag
unsigned 1int aVerboseLevel

true,

file:///home/fpvidal/PROGRAMMING/GitHub/gVXR-CIL-training-ICTMS2026/slides/gVXR.html...
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Jupyter Notebooks 8 & 9: Segmentation to simulation

= magnification-simulation
o We explore how to exploit the magnification to compute the pixel size in the object plane rather than flat panel plane,
» how the source-to-detector distance affects the image quality in terms of noise, and
e the impact of sample material, noise and polychromatism on CT reconstructions.

Ml CO Open in Colab

= magnification-reconstruction
o We will exploit the simulation data generated using notebooks/magnification-simulation. ipynb

to reconstruct the CT slices using the core imaging library (CIL),

use the zero-mean, unit-variance normalisation to rescale pixel values,

identify imaging artefacts by comparing pairs of images, and

extract intensity profiles to assess noise and cupping artefacts.

Y CO Open in Colab

9 gvxr
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Jupyter Notebook 10: Segmentation to simulation

= segmentation-to-CT_scan-simulation

= Create a CT reconstruction from data simulated using a segmented image to model the sample.

[ ] Open in Colab

« ogvxr

From image segmentation to CT simulation to deep learning

This notebook shows how to:

1. Create a digital twin using the digital twin framework introduced in gVXR 2.1.0;

2. Load a segmented image and you it to create a multi-part sample; it relies on functions built in gVXR only, i.e. no third-party software
is required; the functionality is multi-threaded to boost performances;

3. Simulate a CT scan acquisition;

4. Use CIL to recontruct the corresponding CT volume; and

5. Create the corresponding labelled image for training a deep learning algorithm, e.g. U-net.

N A

> Lo

e,

R85
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Python script: Simulation to ML

» simulated_data_generation.py
= This script is very similar to the previous notebook. It makes use of the “XT H 225" twin.

= [t will, however, run loops over:
e 6 samples

SOD: 150 mm +/- 20%

Current: 160 uA +/- 30%

Exposures: [0.5, 1.0, 1.42, 2.0] seconds, and

Voltages in the range [180, 225].

= |n total, 3600 CT slices and corresponding labels will be generated.
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7. Other ways to use gVXR

= See
e https.//qgvirtualxray.sourceforge.io/tutorials/
e https://github.com/Tomographiclmaging/gVXR-Tutorials

= Write the code to describe the previous parameters in pure © Py | G RAEG < andC

= Or use a more human friendly ©=°" file.

@ python

= To simplify the code.
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JSON file (visualisation window)

"Window size": [640, 480],
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JSON file (X-ray source)

"Source": {
"Position": [0.0, -1500.0, 0.0, "mm"],
"Shape'": "POINT",
"Beam": {
"peak kilo voltage": 160.0,
"Tube angle": 12.0,
"mAs": 0.5,
"filter": [
["Cu" , 1 '0’ llmmll]

1
1
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JSON file (X-ray detector)

"Detector": {
"Position": [0.0, 400.0, 0.0, "mm"],
"UpVector": [0, 0, -1],
"RightVector": [-1.0, 0.0, 0.0],
"NumberOfPixels": [512, 512],
"Size": [256.0, 256.0, "mm"],
"LSF": [0.0002, 0.0060, 0.0606, 0.2417,
0.3829, 0.2417, 0.0606, 0.0060, 0.0002],
"Scintillator": {
"Material": "CsI",
"Thickness": 500.0,
"Un-it": llumll

1
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JSON file (Sample)

"Samples": [
{
""Label": '"Dragon",
"Path": "welsh-dragon-small.stl",
"Unit": "mm",
"Material": ["Mixture", "Al6Ti90V4"],
"Density": 4.43,
llTypell: ll-innerll

1,
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JSON file (CT scan acquisition)

"Scan":

{

"QutFolder": "projections",
"GifPath": "screenshots",
"NumberOfProjections'": 200,
"StartAngle": 0,

"FinalAngle": 360,
"IncludeLastAngle": true,
"Flat-Field Correction'": true,
"NumberOfWhiteImages": 60,
"CentreOfRotation": [0, 0, 0, "mm"],
"RotationAxis": [0, 0, -1]

file:///home/fpvidal/PROGRAMMING/GitHub/gVXR-CIL-training-ICTMS2026/slides/gVXR.html...
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@ python

file (CT simulation)

from gvxrPython3 1import json2gvxr # Simulate X-ray images

json2gvxr.
json2gvxr.
json2gvxr.
json2gvxr.
json2gvxr.
json2gvxr.
json2gvxr.

initGVXR("f1ilename.json", renderer="OPENGL")
initDetector()

initSourceGeometry ()

initSpectrum()

initSamples(verbose=0)

initScan()

doCTScan()

file:///home/fpvidal/PROGRAMMING/GitHub/gVXR-CIL-training-ICTMS2026/slides/gVXR.html...
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@ python

file (CT reconstruction)

from gvxrPython3.JSON2gVXRDataReader import *

from cil.processors import TransmissionAbsorptionConverter
from cil.framework import AcquisitionData

from cil.recon import FDK

from cil.io import TIFFWriter

reader = JSON2gVXRDataReader (file_name="filename.json")

data_absorption = TransmissionAbsorptionConverter(
white_level=data_original.max()) (data_original)

acquisition_data = AcquisitionData(data_absorption,
geometry=data_absorption.geometry)

acquisition_data.reorder (order="tigre")
ig = acquisition_data.geometry.get_ImageGeometry()
fdk = FDK(acquisition_data, ig)

recon = fdk.run()
TIFFWriter(data=recon, file_name="sl1ices", "out")).write()

file:///home/fpvidal/PROGRAMMING/GitHub/gVXR-CIL-training-ICTMS2026/slides/gVXR.html...
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Modern Web-based GUI
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