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Abstract 

In computed tomography common artefact correction methods generally address one type of 

artefacts, thus in praxis usually a combination of different methods is used. Without expert 

knowledge the user of 3D X-ray scanners is frequently over-challenged figuring out what kind 

of correction method should be used and when. Simulation based artefact correction in 

contrast is capable of dealing with multiple kinds of artefacts simultaneously. This includes 

e. g. beam hardening, partial volume artefacts, off-focal radiation and scatter. The simulation 

based approach uses prior knowledge about the specimen and the X-ray parameters for 

calculation of artificial projection images. While in medicine the structure of the specimen 

(patient) is generally unknown, in field of none destructive testing and quality assurance 

specimens often exists in form of design data. During simulation based artefact correction 

artificial images are calculated for every measured projection. Aim is the identification and 

correction of corrupted projection integrals. A common example is scatter correction, where 

scatter distribution is determined by Monte-Carlo simulation. For correction the scatter is 

subtracted from measured projection data, resulting in reduced inconsistencies and enhanced 

signal-to-noise ratio (SNR). Subsequently, the corrected image data is used for 

3D reconstruction. Although simulation based artefact correction is capable of enhancing 

3D image quality, physically correct simulation of projection data can be challenging in terms 

of accuracy and runtime. Especially when the simulation includes a large variety of artefacts. 

The aim of this paper is to show the potentials and limitations of simulation based artefact 

correction algorithms and to discuss the need for full Monte-Carlo method. Furthermore, the 

requirements for optimal simulation results are determined. 
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1  Introduction 

In computed tomography (CT), inconsistencies in measured projection images P lead 

to artefacts in 3D image reconstruction that can be recognized as brightness curves 

as well as light and dark stripes on high-contrast edges. With the emergence of the 

first CTs, procedures have been developed to correct artefacts. Most approaches 

address one specific type of artefacts. For example, linearization techniques [HER79, 
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KAS05, KAC06] as well as iterative reconstruction techniques [MED83, WAN96, 

OEH07, PAR16] address beam hardening artefacts while scatter kernel are used for 

scatter correction [LOV87, SEI88, BAE12]. In GESTEBY [GJE16] a comprehensive 

overview of different artefacts and the correction methods is given. With advancing 

computer technology and faster hardware, simulation based correction 

methodbecoming more and more popular. The approach allows the prediction and 

identification of artefacts by physically correct simulation of artificial X-ray images. 

Disadvantage of the method is the need of prior knowledge about the X-ray imaging 

setup. In contrast to medical applications, in industrial metrology the parameters are 

usually well known. Thus, the Information about the specimens can be obtained from 

construction data.  

2  Method 

In this work, the simulation based artefact correction approach consists of simulating 
a polychromatic projection image P

s
 and an ideal monochromatic projection image Pi

s
 

for each projection image P measured [MAI16]. The simulation is based on prior 
knowledge about specimen, X-ray parameters and projection geometry. The geometry 
information and the material composition of the specimens are specified by a virtual 
model. The simulated polychromatic projection images P

s
 contain the weakened 

polychromatic intensities I1 as well as inconsistencies that lead to artefacts in 
3D reconstruction. The ideal projection images Pi

s
, on the other hand, are free of 

inconsistencies. The difference image PΔ of the projection images P and P
s
 contain 

deviations from the specimen to the model. To a certain extent, a target/actual 
comparison takes place. The deviations are set off against the ideal projection 
images Pi

s
, for an artefact-reduced 3D reconstruction. The algorithm follows the 

approach presented in MELNIK [MEL17a]. The processing steps of the simulation 
based artefact correction approach can be seen in figure 1. First the virtual model of 
the specimen is created. Subsequently the registration step is performed, whereby 
the transformation of the model to the measured projection images P is determined. 
With the known transformation artificial images are calculated, which are used for 
image correction. Finally, the corrected images are reconstructed to a volumetric 
dataset. In the following, the processing steps are described in detail. 

 

Figure 1:  Processing steps of the simulation based artefact correction approach 

2.1  Modelling 

There are different approaches for modelling virtual specimens. The first method is 

based on mathematical basic bodies, so-called solids, and allows the modelling of 
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virtual test bodies with high precision. This means that the determination of radiation 

lengths η and point-in-solid-tests can be carried out very precisely. Disadvantage 

of this method is that only models of low complexity can be created. The modelling of 

foams or porosity for example is nearly impossible and leads to an unmanageable 

amount of solids. If the modelling is too complex for mathematical description, 

a voxel-based approach can be used. Thus, the modelling can be done by segmenting 

a CT scan of a master component. As alternative CAD surface data can be converted 

into a voxel-model, enabling very complex specimens to be modelled with relatively 

little effort. In that case the user have to make sure that each material region is 

assigned a correct material. The accuracy of the model depends on the resolution r of 

the voxel-model. It should be noted that the memory consumption rises with increasing 

resolution r. Next to the described methods native surface models can be used without 

conversion. Surface data is usually presented as triangular nets. For intersection tests 

or the calculation of the radiation lengths η the beam has to be tested against each 

triangle. This procedure is very accurate, but takes a lot of computing time t since the 

tests usually have to be performed for all triangles. 

2.2  Registration 

For calculation of artificial projection images the position of the model relative to the 

measured projection images B shall correspond to the specimen. For this purpose 

usually a registration is performed, whereby the transformation Tm2i is determined. 

Figure 2 shows the base coordinate system with model and one projection image.  

 

Figure 2: Base coordinate system with model and one projection image 

The transformations Tm2i, Tb2m and Tb2i indicate the relative positioning between the 

components. The model can either be registered to measured X-ray projections P or 
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to an initial 3D-reconstruction. A combination of both methods is also possible. In this 

work the model was registered to an initial 3D reconstruction using the ELASTIX 

software [STE15]. In experiments it was determined that accuracies of subvoxel 

precision can be archived. Depending on parametrization, for large spatial deviation of 

specimen and model or in presence of strong artefacts, inaccuracies of several voxels 

can occur. In case of an inaccurate registration the artificial projection images are not 

calculated completely congruent to the measured projection images P. This 

circumstance leads to an error-prone correction, whereby deviations from the model 

are incorrectly recognized and corrected like artefacts. Therefore the major technical 

risk of the presented method is the assurance of a precise correspondence between 

the positional relationship of the virtual model and the specimen. This is especially 

important in metrology where high accuracy requirements apply. In theory, for robot-

guided systems registration is not necessary, since the position of the specimen can 

be determined via robot kinematics. However, sufficient positioning accuracy of the 

robot must be ensured. That means the repeat accuracy of the robot should be subvoxel 

accurate. Otherwise, there will be deviations in the calculation of the projection images. 

As an alternative to the registration process, the model can be created by segmentation 

of an initial 3D reconstruction. In this way the transformation T between actual and target 

corresponds. The greatest source of errors are artefacts in 3D dataset, which make 

a voxel-accurate segmentation difficult. 

2.3  Artificial projection images 

For calculation of artificial projection images, two different methods were implemented: 

MC simulation and forward projection. The MC method is the most common approach 

for simulating artificial X-ray images. During simulation the propagation of each 

individual photon is tracked and the interaction with matter is calculated by taking the 

physical model into account. The intensities I1 of the projection images approach the 

expected values with increasing number of simulated photons. This means for a high 

image quality of artificial projection images a large number of photons must be 

simulated. Due to low efficiency of image calculation, where only a small part of the 

photons hits the detector, MC methods are generally computation- and time-intensive 

[KAL81, BAE12]. In addition, the MC method suffers from quantum noise, as does the 

actual measurement process. In addition to the MC simulation, a forward projection 

according to the Lambert-Beer law was implemented [ING88]. The calculation of the 

intensity I1 is done according to equation 1, with attenuation coefficient µ and initial 

intensity I0. 

I1 = I0 · e-μη Eq. 1 
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During forward projection the weakened intensity I1 per pixel is calculated for an 
infinitesimally thin needle beam. This does not correspond to the physical conditions, 
since in practice the measured intensities I1 are averaged over the width of the detector 
elements. However, in this way the mixing of partial intensities is avoided when 
calculating ideal projection images Pi

s
. Another advantage is that the calculation 

according to the Lambert-Beer law does not consider scattered radiation. For this 
reason forward projection is preferable over MC simulation for calculating the ideal 
X-ray projections Pi

s
. The calculation of the polychromatic X-ray images P

s
 by means 

of forward projection is only practicable if the possibility exists to simulate scattered 
radiation in another way or if the proportion of scattered photons is negligibly small. 
Partial volume artefacts can be simulated by multiple sampling of pixels. 

When calculating the corrected image data, mono- and polychromatic images are set 
off against each other. Due to the energy dependence of the attenuation coefficient µ 
a contrast adjustment should be performed. Otherwise, it may happen that in 
reconstructed image data the same material is represented by different grey value 
distributions. The reason for this is the mixing of mono- and polychromatic 
intensities I1. Since X-ray parameters for simulation of projection images P

s
 are 

determined by the measured projection images P, the contrast ratios are adjusted 
during the simulation of the monochromatic projection images Pi

s
. For this purpose, an 

attenuation coefficient µm is searched for each material, which has the greatest 
agreement with the polychromatic attenuation coefficient µ. Two methods were used 
to determine the attenuation coefficient µm: linear regression and grey value analysis. 
For contrast adjustment using linear regression, a straight line is sought that minimizes 
the RMS error ε to the projection integrals p of a material over the radiation length η. 
The procedure is similar to the linearization technique for beam hardening correction. 
The found straight line can be used to calculate the attenuation coefficient µm for the 
monochromatic projection images Pi

s
, which leads to the greatest conformity with 

the projection integrals p [MEL17b]. The problem with this method are differences 
in the non-linearity of the projection integrals p as a function of the radiation length η 
and the photon energy E. Due to this, the regression line yields results of different 
quality. The non-linearity of the polychromatic attenuation coefficient µ is large, 
especially with short radiation lengths η and strong absorbers. The linear regression is 
only suitable for specimens made of one material and provides the best results with 
relatively uniform radiation lengths η. Alternatively, the contrast can also be adjusted 
by skilfully selecting the monochromatic photon energy E. 

Contrast adjustment using histogram analysis, is based on the assumption that 
materials in the 3D reconstruction are represented by a grey value distribution. The 
expected value e is calculated for the grey value range of each material. Due to 
performance reasons, for each material only a subset of randomly selected voxels are 
reconstructed. The affiliation of the voxels to a certain material region can be 
determined based on the model. The expected value e has the greatest conformity to 
all other grey values of the material region. The smaller the variation of the grey values 
around the expected value e, the better the contrast adjustment. In 3D reconstruction, 
the individual attenuation coefficients µ are usually reconstructed physically 
inaccurate. The reconstructed grey values therefore only indicate the relations 
between the attenuation coefficients µ. As a result, the projection images Pi

s
 are 

adapted to the simulated polychromatic images P
s
 by linear scaling. A general problem 
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of contrast adjustment are artefacts in the difference image PΔ. Artefacts are not 
corrected in image regions in which the specimen deviates from the model. 
For example, cupping in uncorrected image regions leads to a brightness curve in 3D 
reconstruction. The adaptation of contrast conditions to a material with a brightness 
curve is not easily possible and is quickly perceived as visually disturbing. 

2.4  Image correction 

The image data is corrected according to equation 2. Compared to the other 

processing steps, the actual correction can be implemented very efficiently. For this 

purpose, the ideal projection images Pi
s
 are set off against the difference image PΔ of 

measured and simulated projections.  

 

Pcorrected = P – Ps + Pi
s
                                               Eq. 2 

3  Results 

For evaluation, an X-ray scan was performed using the Metrotom 800 from CARL 

ZEISS INDUSTRIAL METROLOGY GMBH, Oberkochen. A total of 750 projection images P 
were measured on a 360° circular path. The acceleration voltage was set 
to UB = 90 kVp with a tube current IB = 100 μA. For maximum beam hardening 
artefacts, pre-filtering was dispensed with. Based on simulated projection data an 
artefact correction for an aluminium step cylinder was performed. In figure 3 two 
slices of the reconstructed step cylinder are shown. Figure 3a depicts the original 
slice and figure 3b the corrected slice. For 3D reconstruction the FBP algorithm was 
used [FEL84]. It can be seen, that the beam hardening artefacts were corrected. Only 
a few cone beam artefacts can be noticed due to cone beam geometry and the 
approximative 3D-reconstruction algorithm. Since the cylinder consists of 
homogeneous material, linear regression was used for the contrast adjustment. 

a) 

 

 

b) 

 

 

Figure 3: Reconstructed slices of an aluminium step cylinder; a) uncorrected b) corrected 

 

 



DEFEKTOSKOPIE  2018                  119

4  Conclusion 

In summary it can be stated that the approach presented is capable of simulating 
a large variety of artefacts occurring in CT. Artefacts can be identified and corrected 
on basis of artificial X-ray images. Artificial images can be reused once they have been 
created and the measurement setup remains the same. This enables efficient 
correction in applications such as inline-CT, where the measurement setup rarely 
changes. The correction of individual specimens is currently not considered 
economical due to the long calculation time t. An implementation on the graphics cards 
may solve this issue. The choice of modelling technique depends on the complexity of 
the specimen as well as time t and accuracy requirements with the mathematical 
description being the most accurate. The greatest challenge of the simulation based 
approach is the subvoxel accurate registration of the virtual model to the specimen. 
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