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Abstract 
During the last decade industrial computed tomography has become one of the most important metrological procedures for internal 
inspection, where it sees widespread application in additive manufacturing. Evaluating the CT volume data for defects is currently a 
lengthy process involving data acquisition, reconstruction, surface reconstruction, and nominal/actual comparison. The goal of the 
presented project is the development of a new pipeline for automated defect detection operating solely with projection data. Using 
this pipeline, the amount of necessary projections NP and therefore the measurement time of each object will be heavily reduced. 
Reference projection data of non-defect objects were generated using a multi-GPU Monte Carlo X-ray simulation. The innovative 
implementation of the Monte Carlo simulation on GPUs makes the photon number of 5x1011 required for a proper simulation of an 
X-ray projection feasible for the first time. This generated reference data was then compared to real data and the differences 
evaluated. With this new processing pipeline, it is now possible to achieve a defect analysis with less than six projection images, 
which decreases the minimum measurement time tm by nearly two magnitudes.  
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1. Introduction   

In recent years, several simulation applications for X-ray 
projections have been developed. One notable example is the 
general-purpose code system PENELOPE, which utilizes the 
Monte Carlo method for the simulation of coupled electron-
photon transport in arbitrary materials. It is widely used by 
radiation physicists, and is still being actively improved and 
updated. [1] Another example is the Analytical RT Inspection 
Simulation Tool (aRTist), a simulation program developed by 
Bundesanstalt für Materialforschung und -prüfung (BAM). The 
main program employs ray-tracing based on the exponential 
attenuation law [2], with an optional Monte Carlo program 
implemented to improve the consideration of scattering [3]. 
The common limitation among these projects was the balance 
between simulation time and accuracy. Through the use of 
multi-GPU parallelization, the software framework employed in 
this project presents a unique opportunity to achieve 
simulations with high accuracy within a realistic time frame. 

2. Methodology      

Hereinafter the methodology of the algorithm is presented. In a 
first step the experiment and simulation tools are presented. In 
a subsequent step the concept of the simulation, the defect 
recognition algorithm and the procedural steps are explained.  
   
2.1. Setup    
For the acquisition of the CT measurement data, a 
Metrotom 800 from Zeiss IMT was used. It consists of a 130 kV 
Hamamatsu X-ray source and a detector with a resolution of 
1536 x 1920 px and a pixel pitch of 127 µm. 

The simulation was done with a multi-GPU rack consisting of 
four GeForce RTX 3090 GPUs by Nvidia and a XEON Gold 6226R 
CPU by Intel. 
The software framework for simulation was the inhouse 
developed FLUX suite, which was implemented by Felix 
Fehlhaber.  
 
2.2. Concept of the simulation      
 
An X-ray pulse consists of a defined number of photons which 
have an energy level distribution determined by the X-ray source 
and its voltage and current settings. These photons penetrate 
the measured object and interact with the object on the atomic 
scale with various types of physical effects before the remaining 
photons are measured by the X-ray detector. 
This process can be mapped by a simulation. In each defined 
step size, the possible interactions of a photon with the 
surrounding atoms are calculated and executed according to a 
probability distribution. This is repeated many times for the 
photon during its path through the object material until it hits 
the detector.   To image the X-ray pulse in its entirety, this is 
repeated several trillion times. These are all very simple and 
independent calculations, which lend themselves accordingly to 
GPU parallelization. This parallelization could reduce the 
required computation time by three orders of magnitude, from 
several years to several hours. 
Relevant parameters for the simulation are the number of 
photons N, the energy spectra of the X-ray pulse, and the step 
size s. The phantom can be generated from a generic .step file, 
material information can be added in an intermediate step. 
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2.3. Concept of the pipeline     
  
A probability-based approach to determine the presence of 
defects was chosen since CT measurements exhibits strong 
stochastic deviations.  
The simulation und real projections are first registered and 
subsequently compared. After this initial step a set of different 
filters and probability transformations are applied to transform 
the projection data into a probability map. Whereby every pixel 
has a probability value ranging from 0 to 1 of whether this pixel 
belongs to a defect. 

 
 

Figure 1. Structure of the pipeline 

3. Results     

 
Figure 2. Reference object, w/o defects (left), with (right) 
 

 
Figure 3. Simulated w/o defects (left), real with defects (right) 
 

  
Figure 4. Recognized defects for 0° and 90° 

 

A set of vastly different test bodies were manufactured with and 
without artificial defects. In figure 2 these test bodies are 
displayed. The test body design exhibits a rectangular cuboid 
shape with a chamfer and a box size of 
20 mm x 60 mm x 100 mm, additionally the defect variant also 
consists of five drill hole of diameters 1 mm < d < 8 mm. The test 
bodies were milled from the material PEEK. The CAD design of 
the defect-free test body was also converted to a phantom and 
subsequently simulated (figure 3, left). 

4. Discussion      

The generated real defect projection data was compared with 
the simulated ideal data to determine if the artificial defects can 
be detected. For the simulation of each projection N = 5*1012 
photons with a step size of s = 0.1 mm and an X-ray voltage of 
U = 125 kV were used.  
It is shown in the evaluation of the real CT images that the 
defects are detectable. As seen in figure 4 the quality of the 
defect detection correlates strongly with projection angle and 
the corresponding penetration length. 
From the frontal position, all defects including the smallest were 
labeled correctly. Using the worst angle of 90°, the quality of 
defect detection is reduced. This is caused by the worsening of 
the signal to noise ratio, as signal gets weakened by long 
penetration length, while noise level stays the same. 
Due to the filters used in post-processing pipeline, the minimum 
size of each defect is 4 x 4 px. 
A combinatorial evaluation of different projection angles results 
in improved precision; at least three different projections (e.g. 
0°,45°,90°) are needed for this type of evaluation. 

5. Conclusion      

For the first time a pure Monte Carlo X-ray simulation for defect 
detection was evaluated. This was only feasible due to the 
benefits of the GPU acceleration and the massively reduced 
computation times.  
The presented simulation tool can be used for the creation of 
reference datasets of arbitrarily shaped objects and material 
compositions and shows potential in further fields of research. 
The newly developed algorithm enables determination of the 
likelihood of a defect on the basis of only a few images.  
The back-projection of these processed projection images allows 
for an estimation of the size and location of the defect which is 
necessary to establish a feedback loop with the manufacturing 
line. This very streamlined process can result in massively 
reduced measuring times for workpieces made from plastics 
since the amount of necessary projections was reduced by two 
magnitudes. 
Future work will demonstrate this on more real-world test cases, 
as well as further improve the sensitivity of the algorithm to 
reveal even smaller defects. 
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