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Abstract. This contribution discusses the main aspects of the inline application of 
3D computed tomography. Possible system components are discussed and an 
implementation of a demonstration setup is shown. Measurements of several 
aluminum castings using different acquisition parameters are presented. 
Furthermore, an appropriate automatic evaluation method for those CT data is 
presented. The system performance shown is the automatic detection of approx. 
1 mm³ defects in compact samples within 30 s. 
 
Author e-mail: ulf.hassler@iis.fraunhofer.de . 

1. Introduction  

3D computed tomography (CT) has become an important tool within the last ten years in 
the field of process development and random inspection of (ongoing) serial production. 
This is due to the unbeatable ability of non-destructive evaluation of inner sample 
structures. Within the last years, that originally medical application was brought to the 
(mass-)producing industry. Thereby, acquisition and reconstruction times were reduced 
from hours to minutes in the case of standard geometries. Future optimizations of the 
method will result in scanning times of less than one minute, so that a true three 
dimensional CT testing will be available for series production. The main benefit compared 
to existing 2D systems will be the exact location and characterization of defects in space, 
leading to further reduction of rejections in production. The most likely application of 
inline 3D CT will be the testing of high-quality metallic parts [1]. In this field of 
application, parts are typically tested using 2D radioscopy, where for example 20 positions 
are inspected in 30 s. Examples of currently realized inline CT systems may be found in 
[2,3]. This contribution covers the main aspects of possible system configurations as well 
as of the evaluation strategy. Results achieved on a demo setup at EZRT are shown for 
different parameter settings. 

2. System considerations 

When designing a CT system, which is capable of inline inspection the physical principles 
of CT imaging have to be considered. A reduction of data acquisition time always causes 
some shortcomings in image quality. A shorter integration time leads to an increase in 
image noise. Also a faster movement of the object can lead to a loss of resolution especially 
towards the edge of the field of measurement due to the movement of the object. The laws 
of physics define the limiting factors with respect to scan speed and image quality. The 
spatial resolution is determined by the size of the X-ray focal spot and the geometrical 
magnification of the setup. The number of X-ray photons is reduced due to the attenuation 
along the path through the object. In addition, the number of remaining X-ray photons 
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reaching a single detector element is depending on the distance of the detector from the X-
ray tube (law of inverse square-distance), the integration time for a single projection image 
and the detection efficiency of the flat panel system. The fundamental rule is that the 
quantum noise of the signal is increasing while the number of detected photons is 
decreasing. The art of designing inline X-ray systems is to guarantee a signal-to-noise ratio 
which allows the detection of the smallest inadmissible defect. 

2.1 X-ray source  

The main component to achieve a sufficient photon flux is a suitable X-ray tube. Industrial 
high power X-ray tubes based on a rotating anode today allow a power of 12 kW at a 
maximum voltage of 160 kV. Conventional industrial X-ray tubes deliver a maximum 
power of about 3 kW. A high power output is also important in order to possibly reduce the 
beam-hardening effect by use of appropriate pre-filtering of the X-ray spectra. However, 
the long term stability under 24h/7d operation is not clear yet. 

2.2 X-ray detector system  

Currently most X-ray detectors employed in CT systems are highly sensitive and high-
dynamic amorphous-silicon based flat-panel detectors [4,5]. Standard image formats are in 
the range of (20 – 40 cm)² at pixel sizes of 200 - 400 µm. Frame rates are available up to 30 
images per second. Due to several reasons, there are in certain situations some restrictions 
concerning the so-called image lag, where residual information of earlier images remains in 
the current X-ray projection. Also, the durability of the detector may be restricted under 
continuous operation due to the irradiation of the readout electronics, which may become 
important in inline situations, where a high photon flux per time unit is continuously 
applied. 

An alternative may be fluoroscope-type systems [6], which seem slightly less 
sensitive than flat-panel detectors, but which show advantages concerning the flexibility of 
the image formats, the virtually non-existing image lag and especially their durability. 

2.3 Demonstration setup  

Fig. 1 shows the interior of the demonstration inline CT setup at EZRT. It is equipped with 
a rotating anode high power X-ray tube. It delivers a continuous power of 12 kW at a 
maximum voltage of 160 kV. Its focal spot size is about 0.75 mm. As X-ray detector, a 
Perkin Elmer RID 512 AL1 model was chosen with 512² pixels of 400 µm pitch. 



 
Figure 1: View into setup for inline CT measurements at EZRT. 

2.4 Test measurements  

In that section, we present and compare measurement results of different parameter settings 
of the demo setup. The X-ray tube was generally operated at 160 kV. The flat panel 
detector was operated with the shortest integration time of 134 ms per projection. The 
detector matrix is of size 512², therefore the reconstructed volume is of size 511³. 
 
2.4.1 Number of projections  

A first step to increase the speed of CT scanning is a reduction of the number of recorded 
projection images. Instead of approximately 750 to 1000 projections, only between 100 and 
400 images are acquired, thus reducing the scan time by almost one order of magnitude. 
Thereby, an optimization of the angular sampling and an adapted reconstruction algorithm 
can contribute to alleviating the losses in image quality (fig. 2). 

 
Figure 2: Comparison of reconstructed slices with reduced number of projections with respect to standard CT 

measurement (from left to right: 400, 200, 100 projections). The resulting reduction of measurement time 
from 120 (left) down to 30 seconds (right) is accompanied by an increase of view sampling artefacts (streak 

patterns at the edge of the object). 



The automatic evaluation of the reconstructed volume data shows a good detection of a 
small void at 400 and 200 projections. Using only 100 projections however, there were 
false defects recognized, being in the same contrast range as the voids. 
 
2.4.2 Pre-filtering  

In this context, measurements with varying Cu-pre-filtering of the X-ray spectrum were 
performed. The filter thicknesses were 2, 4, 6 and 8 mm. The X-ray current was chosen 
such that in all situations a comparable illumination level was achieved (12.5 mA @ 2 mm 
Cu, 75 mA @ 8 mm Cu). 400 projections per scan were acquired. Fig. 3 shows a 
comparison between 2 mm and 8 mm Cu prefiltration. A clear reduction of the beam-
hardening effect can be stated with at the same time a reduced signal-to noise ratio. 
 

 
Figure 3: Comparison of different prefilter settings: 8 mm Cu at 75 mA (left) and 2 mm at 12.5 mA. Harder 

prefiltering reduces the beam-hardening effect, however at the same time it decreases the signal-to-noise ratio. 
 

2.4.3 Object manipulation strategy  

Ideal high quality scans are commonly acquired in Stop-and-Go mode. There the object is 
stopped at each angular position for projection acquisition. In this case, a certain amount of 
time is wasted for ac- and deceleration of the sample. An obvious potential of acceleration 
is the acquisition in Fly-By mode. Here, the sample is rotated continuously at constant 
speed. The disadvantage of that approach is that a blurring will be induced in the projection 
data due to the sample movement during acquisition. The maximum possible rotation speed 
is not only depending on the integration time of the detector, but also on the size of the 
reconstructed volume and the voxel size. An optimum will be reached, if the blurring from 
object movement does not exceed the pixel pitch of the detector. Fig. 4 shows a comparison 
between the Stop-and-Go mode using 200 angular positions and the Fly-By mode with 223 
projection images per rotation. As a result it can be stated, that the void marked red in fig. 3 
can be detected as well in Fly-By mode within 30 s. 



 
Figure 4: Comparison of Stop-and-Go (left, 200 projections in 80 s) versus Fly-By (right, 223 projections in 

30 s) acquisition mode. The recognizability of the defect is comparable. 

3. Data evaluation 

Inline CT methods are only valuable, if an automated analysis of the reconstructed data is 
available. Analysis may be defect recognition, like voids or porosities, which is covered in 
this contribution. Further evaluation may concern the dimensional measurement of the 
sample or of its structures themselves. Another topic will be the visualization of the 
resulting 3D data for verification of automated image processing methods, which will be 
especially important during the installation phase of such systems. 

3.1 Evaluation pipeline  

The process of doing an inline CT may be divided in three individual steps: data 
acquisition, volume reconstruction and defect recognition. An inspection pipeline of the 
samples should be provided. The reconstruction step may be started with the acquisition 
process and will be finished short time after imaging the last projection. In order to keep 
pace with production speed, the evaluation step has to be performed as fast as the data 
acquisition. The evaluation is then performed in parallel to the scanning of the next part. 

3.2 Data reconstruction  

For the data reconstruction step, an optimized Feldkamp-type filtered backprojection 
method is used. 

3.3 Data evaluation  

Software tools for offline data evaluation usually do not deal with reference information 
concerning the object under investigation. Rather some kind of background modelling is 
used to generate reference information about the object during evaluation. This is a suitable 
approach for inspecting many different kinds of objects because no uncomfortable teach-in 
process is necessary. However background modelling methods are not capable of finding 
large surface defects automatically. But this fact carries no weight, because offline tools are 
only used to support the staff of inspectors and the results will usually be reviewed. 

In order to develop an inline evaluation method for detecting all kinds of defects, 
including surface defects, we have to make use of reference information in addition to 
background modelling. In spite of an initial registration step we need to characterize the 
misalignment of reference and object data caused by manufacturing tolerances to perform a 



suitable comparison. We present the usage of reference data for inline inspection in the 
following sections. 
 
3.3.1 Reference data preparation 

CT parameters of an inline inspection system do not change during the evaluation of 
structurally identical objects. Therefore it is straightforward to use a CT reconstruction data 
set of an accurate object as reference information. In order to achieve a fast measurement of 
misalignments we have to pre-process the reference data set. There is no disadvantage in 
using time-consuming image processing at this stage, because these operations are pre-
computed only once for each object type and therefore no resources are needed at 
inspection time. 
 
For  let },3,2,1{:,, K=Ν∈tsr
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be the coordinate system of a 3D volume data set. Since we always assume in the following 
that the volume data sets have the same dimensions we drop the indices tsr ,,  for 
convenience. Let Ν→Vfref :  be the reference data set. Initially we perform an object 
labelling step, i.e. we determine all object representing voxels within the reference data set 

. Let therefore be  the set of object indicating coordinates and . 
Then the binary label volume  is defined as 

reff VA ⊆ Vzyxv ∈= ),,(
Ν→VlA :

 

⎩
⎨
⎧

∉
∈

=
Avif
Avif

vlA ,0
,1

)(     . 
 
(2) 

 
Applying the euclidean distance transform to  concludes the reference data preparation 
step. Consider  and . Then the minimal distance between v  and  is 
defined as 
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Using this definition the distance transform [7] is given as 
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Summarizing the result of reference data preparation is a volume data set where all voxels 
which relate to object voxels in  are equal to zero, and all other voxels are coding the 
distance to the nearest object relating voxel. 

reff

 
3.3.2 Reference data comparison 

First we define the measure for characterizing the misalignment between reference data and 
the current volume data set under investigation. Let Ν→Vfcur :  be the current object data 



set and let ,  , be the corresponding binary object label volume. The 
misalignment measure is defined as 

Ν→VlB : VB ⊆
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In other words, the misalignment measure calculates the maximum distance that occurs in 
the object area of  (see figure 5). This measure is suitable for inline inspection, because 
it can be calculated very quickly at inspection time using the prepared reference data. 

curf

 

Figure 5: Illustration of misalignment measure calculation: The image shows the distance transform of a 
synthetic 2D object; bright pixels indicate large distances, dark pixels indicate small distances, the object 
itself is black. The hatched markings show the misalignment to another object and indicate the distance 

values where the maximum defines the measure M . 

 
The reference data comparison starts with the calculation of . If  
is in the range of the manufacturing tolerances, no registration is necessary. If   
is larger than the production tolerances, a straightforward registration step is performed 
where the inertial tensors of reference and current data are used to determine the parameters 
for the corresponding affine transformation. For more details see [7]. 

),( curref ffM ),( curref ffM
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Since a simple subtraction of  and  yields many artefacts caused by 
manufacturing inaccuracies, we use a difference operation that takes into account the 
misalignment. This operation is defined as 

reff curf

 
|)()(|min:))(,(

),(||

vfwfvffS curref

ffMvw
Vwcurref

curref

−=
≤−

∈
    . 

 
(6) 

 
Combining the proposed reference data comparison step and the background modelling as 
presented in [8] yields a defect detection method that is suitable for inline inspection. 
  
3.3.3 Results 

Applying the presented evaluation method to volume data sets of size 511³ provided by the 
demonstration system took about 120 seconds using a current dual-core standard PC. A 
distribution of the inspection to more computers should ensure the required evaluation time 
of 30 seconds. In contrast to that the pre-calculated image processing to prepare the 
reference data took about 700 seconds and the euclidean distance transform can hardly be 
sped up. Defects with a minimal diameter of 1.2 mm can be detected very reliably. Figure 6 
shows the 3D representation of a CT reconstruction data set transparently with detected 
defects inside. This kind of inspection result visualization allows a recognition of the main 
defect characteristics (geometry, topology, size) at a glance, compared to the examination 



of the volume data slice by slice. Hence a fast adjustment of the process parameters by the 
operators would be possible. 
 

 

Figure 6: 3D representation of CT reconstruction data with detected defects. 

4. Summary  

We presented a setup concept end an evaluation strategy for the automated inline inspection 
of casting parts using 3D CT. It could be shown, that both, the data acquisition as well as 
the data evaluation can be performed within a time of about 30 s. In that configuration, the 
minimum size of automatically detectable defects will be around 1 mm³. Further 
optimization concerning components and algorithms will lead to even faster or more 
sensitive inline CT systems. The time will certainly come for those setups. 
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