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Abstract 

Data processing is an essential part of the evaluation of measurement results, e.g. in X-ray computed tomography 
(CT). Some of these calculations are denoted as "filtering". Filtering is always a trade-off between an enhance-
ment of data quality and a loss of information. The standard reconstruction technique for CT data is t he filtered 
back-projection. Additionally to the high-pass filter inherent to this technique, a suppression of high-frequency 
noise is in most cases also necessary. Many different possible filter algorithms are found in the literature. Al-
though their effect on the signal-to-noise ratio and the spatial resolution is well-studied, it is not obvious how the 
different filters affect the determination of the object's surface in the reconstructed data and, thus, the results of 
dimensional CT measurements. We compare the results of industrial dimensional CT measurements obtained at 
the same data set of a calibrated reference standard – a calotte cube –when using different filters and discuss the 
implications. Filters under investigation are mainly median filters on projections and as well filters during fil-
tered backprojection and filters on the reconstructed volume. 
 
Keywords: Computed tomography (CT), dimensional measurement, data filtering, resolution 
 

1.  Introduction 
 
The measurement process of today‟s coordinate measuring machines (CMM) and of systems 
dedicated to non-destructive testing (NDT) comprises a large number of – usually sequential – 
data processing steps. Some of these calculations are denoted as "filtering". For complex 
measurement systems as industrial X-ray computed tomography (CT) systems the quality of 
the measurement depends strongly on the proper data processing being applied and thus on 
the proper filtering. Many different filters are found in the literature and can be applied to CT 
measurements. Although their effect on the signal-to-noise ratio (SNR) and the spatial resolu-
tion is quite well-studied [1], it is not obvious how the filters affect the determination of the 
object's surface in the reconstructed data for dimensional CT and, thus, the results of dimen-
sional CT measurements [2] where it is the objective to measure accurately the geometry of 
the part under study. The study of effects relevant to the accuracy of dimensional CT meas-
urements is the main focus of this paper. Nevertheless, NDT analysis also benefits from the 
proper CT data filtering. In the following we compare the results of industrial dimensional CT 
measurements obtained using the same input data set of a calibrated state-of-the-art reference 
standard when using different filters and discuss the implications. This paper mainly uses the 
free software ImageJ [3] or Fiji [4] for the filtering of the projections in order to enable the 
reader to easily repeat analysis steps and to compare results with vendor specific software.  

 

2.  General data filtering application 
 
It is usually the objective in the filtering of measured data to suppress the “unwanted signal” 
contribution while preserving the “useful signal”. For many applications the useful signal is 
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the data which correlates to the geometry under study, while the unwanted signal often relates 
to non structure forming components e.g. noise. See as an example reference [5] for a recent 
discussion of data filtering for profile data and the new series of standardised filters in the 
series ISO 16610. For a comparison of the filtering of non-profile data see [6]. It is essential 
that the filters preserve the possible small and important structures present in the original sig-
nal which should be segmented. Therefore, filters have to be carefully chosen according to the 
measurement task. Also, it is not always a priori known how parts of the signal are to be clas-
sified. Furthermore, it is mathematically often nearly impossible to perform an ideal filtering 
of non-linear data, i.e. to suppress only dedicated components. Thus, filtering is always a 
trade-off between an enhancement of the data quality and a loss of information. Often filtering 
is restricted to classes of filters which are available to the user and are simple in use. Further 
restrictions are to be discussed for the CT application. In general it is helpful to analyze the 
structure of the signals to be filtered. The more that is known about the signal structure the 
easier it is to apply an adequate filter to the data. An additional point is that some signal com-
ponents may represent systematic effects or errors, for example not correct responding detec-
tor pixels leading to ring artefacts in the reconstructed image. These effects may be treated 
independently. Examples will be given for the case of CT. Finally, a frequent observation 
with filtered data sets is the loss of resolving power of the measurement system.  
 

3.  Data filtering for CT application 
 
Filtering occurs in a CT application as an integral part of the processing and the measurement. 
There are certain filters which are present, but are not transparent to the user. Usually, the 
applied algorithms are not well documented. Examples are data shaping as a part of the detec-
tor firmware or vendor specific data processing as part of macros or reconstruction software. 
More interesting are filters which can be applied and manipulated by the CT user: 

- filters working on the measured projections (with or without shading/gain correction); 
example: 2D median filter of the projection images 

- (adaptable) filters working as a part of the reconstruction; 
example: Shepp-Logan cut-off filter in filtered backprojection reconstruction 

- filters working on the reconstructed volume data; 
example: Gaussian 3D filter working on measured CT volume data 

- filters working during surface determination (thresholding process)*; 
example: contour smoothing for starting values of surface thresholding process 

- filters working during surface evaluation/measurement*; example: statistical outlier 
filter for fitting of a cylinder to surface data points (e.g. removal of 5% of data points 
with the highest deviations and performing of a refitting of the cylinder) 

 
The steps given with an asterisk usually correlate to the data processing for dimensional CT. 
Sometimes the operations denoted above are named differently while still being filters. Not all 
of these filters may be accessible for a specific CT system. Filtering also includes morpho-
logical operations, e.g. erosion of data, binning of data. 
Examples of unwanted signal contributions in CT metrology are scattered radiation and pho-
ton noise (random contribution) in projection data, detector noise (random contribution, with-
out photon noise mentioned above) in projection data or systematic errors present in projec-
tion data (single pixel detector errors, cluster errors of detector, line type detector errors) [7]. 
 
The standard reconstruction technique for CT data is filtered backprojection. Additionally to 
the high-pass filter inherent to this technique, a suppression of high-frequency noise is in most 
cases also necessary. The following this paper focuses mainly on filters which are applied to 



the raw projection data as it is the opinion of the authors that unwanted signal components 
should be removed in an early step of the data processing in order to avoid non local effects 
and artefacts of the distorted primary signal. A comparison of the raw projection data filtering 
is done with other filters working on the reconstructed volume or with filters applied during 
filtered backprojection. 
 
Before applying filters to the raw CT projection data it is important to take a look at the be-
haviour of specific filters. Non edge-preserving filters in projection data lead to a violation of 
the CT projection geometry and thus to distortions in the dimensions of measured parts. 
Therefore, filters must be edge-preserving for their use in dimensional CT. The calculation 
effort is often also an important criterion for filtering CT data. Today‟s CT systems produce 
projection data sets of up to the order of 10 Giga pixels (e.g. 2500 projections acquired with a 
2k 2k detector) resulting in volumetric data sets of the order of 8 Giga voxels.  
 
Filtering & resolution 
The resolution of CT systems is frequently described by an analysis of the transfer properties 
of the spatial frequencies visible on the object to be measured. One implementation of this 
approach is given in ISO 15708-1 [8], the assessment of the MTF – modulation transfer func-
tion. Characteristic to this approach is that the analysis is done on the reconstructed CT vol-
ume data without a determination of the object‟s surface by a thresholding process. Thus, for 
dimensional CT measurements the measurement process is not complete. Therefore, any 
statement based only on the MTF is insufficient to characterise entirely the resolution limits 
for proper dimensional CT measurements. Other definitions are given for optical sensors in 
coordinate metrology e.g. in VDI/VDE 2617-6.1 [9] and VDI/VDE 2617-6.2 [10]: loss of 
depth of a bore hole, amplitude loss of a multi-wave standard and smoothing of a perfect 
edge; but cannot be applied directly to dimensional CT. The same observation is made for 
definitions based on line pair gauges in EN 16016-3 [11]. Hence, at present the resolution 
aspect of filtering has to be treated individually for the object to be measured. 
 
4.  Experimental Study 
 
The experimental study of the impact of filtering on dimensional CT measurements concen-
trates on filters which are potential candidates for a useful application – i.e. mainly filters 
known as to be edge-preserving. In the frame of this study it is not possible to analyse all pos-
sible combination of filters and filter parameters before, during and after the tomographic 
reconstruction. Thus, only examples of the application can be given. 
 
4.1 Applied workpiece and reference standard 

 
For a representative analysis, real CT data sets are used as these also contain natural intrinsic 
“unwanted” signal components, such as for example detector noise, photon statistic noise and 
sampling and reconstruction artefacts. As the “study workpiece” the calotte cube [12, 13] 
made from titanium alloy Ti-6Al-4V has been used (Fig. 1). It is a PTB reference standard of 
cube shape (edge length 10 mm) which features 75 spherical calottes of 0.8 mm in diameter 
on three faces (i.e. 3 25 calottes). A version of this reference standard (specimen 'KKW3') is 
used where material has been removed inside to enable also measurement with CT systems 
with a lower X-ray tube voltage (i.e. hollow cube version, see Fig. 1 centre). 
 



   
Figure 1. PTB calotte cube 'KKW3' (hollow version, edge length 10 mm) made from titanium. Left and centre: 

Rendered CT measurements (data set A, see below); right: setting of calotte cube during CT measurement 
 
There are several advantages in using this body: The reference standard is calibrated with a 
low calibration uncertainty, thus allowing a quantitative statement on the filtering. The cali-
bration has been done using a tactile CMM with a 0.3 mm probe tip diameter and a four posi-
tion measurement. The expanded calibration uncertainties (k=2) of the averaged results are 
0.8 µm for the radii of the calottes, 1.0 µm for calotte centre coordinates, 0.8 µm - 1.0 µm for 
distances between calotte centres and 1.5 µm for the form error of the calottes [14]. Another 
advantage is the automated analysis using a PTB template with Volume Graphics VGStudio 

MAX 2.1 and a following analysis with Excel. Thus, all 75 calottes and all 2775 distances be-
tween the calottes can be analysed efficiently! The calotte cube is commercially available. 
 
4.2 Data analysis strategy & workflow  
 
The calotte cube has been measured twice in an oblique position (Fig. 1 right) on PTB‟s CT 
system (Nikon Metrology / X-Tek XT H 225 ST with PerkinElmer 1620 detector) using the 
225 kV reflection target. Thus, CT measurements in this setting are a mixture of cooperative 
(spherical calottes) and non-cooperative geometries (long edges of cube). The impact of filter-
ing is to be tested for two types of measurements with the given measurements parameters: 

1) Data set and measurement A with good SNR and standard number of projections. 
Measurement parameters: 175 kV voltage, 34 µA current, physical filtering 0.3 mm 
Cu, 2829 ms single frame integration time, no frame averaging, 1440 projections, 
start/stop CT mode, total scan time 2h 10 min, polynomial beamhardening correction, 
voxel size (16.6 µm)3, analysis volume size 1204  1204  1204 voxels. Rendered sur-
face appears smooth, edges appear sharp, 

2) Data set and measurement B with low SNR and significant lower number of projec-
tion. Measurement parameters: 175 kV voltage, 34 µA current, physical filtering  
0.3 mm Cu, 1000 ms single frame integration time, no frame averaging, 600 projec-
tions, continuous rotation CT (fast CT mode), total scan time 10 min, polynomial 
beamhardening correction, voxel size (16.6 µm)3, analysis volume size 1290  1348 

1347 voxels. Rendered surface appears rough, edges appear rounded. 
 
Data set A is a CT scan simulating a balanced measurement with the objective of creating 
good geometry information. Data set B is a fast CT scan which is on the limit for dimensional 
measurements. Faster scans usually cannot be used for measurement applications. A fixed 
polynomial beamhardening correction of quadratic order is used for the entire study. The 
automated centre of rotation analysis is run in CT Pro for each filtered data set to achieve re-
alistic analysis conditions. It can be observed that the differences in the centre of rotation val-
ues are low in general and only of the order of 0.1 – 0.2 pixel. The CT system has been quali-
fied by previous measurements. Thus, the average error of measured dimensions for meas-
urements A and B is of the order of 0.5 µm. 



Remark: The data set A does not indicate the best measurement capability of the CT system in use 
(which would require a higher magnification measurement of the calotte cube and a CT scan with an 
increased number of projections and an extended measurement time). Settings are chosen to simulate 
ordinary measurements of real workpieces. 

Mathematical filtering has been performed for both data sets on a dual quad core server (2  
XEON E5620, 2.4 GHz each, 2  NVIDIA GTX 270 GPU card) with 96 GB of RAM. For the 
filtering of the CT data projections the free, Java based software Fiji [4] has been used. Fiji is 
a distribution of the free software ImageJ with a selected pre-set of image analysis plugins [3] 
and can handle e.g. 2D and 3D data sets. Using 64bit Java, image size is restricted only by the 
computer‟s main memory size.  
 
The general work flow of the data analysis is as follows: 

- measurement of CT projections 
- optionally filtering of projections (in Fiji using ImageJ 1.46d and 64 bit Java 1.6)  
- ROI (regions of interest) analysis of filtered and unfiltered projections in Fiji 
- GPU based FDK cone beam reconstruction with Nikon/X-Tek CT Pro reconstruction 

(version 2.2 SP2) applying alternatively either ramp filter or Hanning filters with dif-
ferent cut off frequencies; result 32-bit float volume 

- optionally filtering of the volume data (in software VGStudio MAX 2.1) 
- data analysis using Volume Graphics Studio MAX 2.1 (16-bit volume conversion and 

import, standard adaptive surface determination), a CAD model of the calotte cube 
adapted with tactile measurement data (for registration of the analysis template), the 
PTB VGStudio MAX analysis template and parameter export of fitted spheres 

- Excel analysis of the measurement errors 
 
Mathematical filters under study (see Table 1 for detailed data processes): 
- 2D Median filters with kernel sizes 3 3, 5 5, 7 7 on projections (Fiji) 
- 3D Median filter (kernel size 3 3 3) on projections (Fiji) and on reconstructed volume 
   (VGStudio MAX) 
- Hybrid 2D median filter with kernel sizes 3 3, 5 5, 7 7 on projections (Fiji plugin) 
- Hybrid 3D median filter (kernel size 3 3 3, with & without centre pixel)  
   on reconstructed volume (Fiji plugin) 
- Unsharp mask filter (Fiji) [non edge-preserving filter] 
- Filter applied during filtered backprojection (ramp filter or Hanning filter) (CT Pro) 
 
The 2D and 3D hybrid median filters are special cases of ordinary median filters where differ-
ent morphological types of 2D and 3D median filters are evaluated sequentially. Finally, the 
median value of all applied sub median filtered values is calculated and yields the hybrid me-
dian value (see [15]). For the 3D hybrid median filters two versions exist either including the 
centre pixel value or not during the analysis. 
 
The performed data processing is described in Table 1. “Hanning filter 100%” denotes the 
filtering of the backprojection during reconstruction with a cut-off to zero at the maximum 
(100%) spatial frequency. “Hanning filter 75%” denotes the filtering of the backprojection 
during reconstruction with a cut-off to zero at 75% of the maximum spatial frequency. 
Stronger filters for the filtered backprojection are available (Hanning filters with cut-off fre-
quency lower than 75% of the maximum spatial frequency), but have not been applied in this 
study due to previous experiences. 

 

 



Table 1. Data processes and filters in use 
 
Data process 

index 

Projection filter Filter of filtered back-

projection 

CT Volume filter 

1 None Ramp None 
2 None Hanning 100% None 
3 None Hanning 75% None 
4 Median 2D 3 3 Ramp None 
5 Median 2D 3 3 Hanning 100% None 
6 Median 2D 5 5 Ramp None 
7 Median 2D 5 5 Hanning 100% None 
8 Median 2D 7 7 Ramp None 
9 Median 2D 7 7 Hanning 100% None 

10 Median 3D 3 3 3 Ramp None 
11 Hybrid median 3D 3 3 3 

without centre pixel 
Ramp None 

12 Hybrid median 3D 3 3 3 
with centre pixel 

Ramp None 

13 Hybrid median 2D 3 3 Ramp None 
14 Hybrid median 2D 5 5 Ramp None 
15 Hybrid median 2D 7 7 Ramp None 
16 Unsharp mask radius 1 

weight 0.6 
Ramp None 

17 None Ramp Median 3D 3 3 3 
18 None Hanning 100% Median 3D 3 3 3 
19 None Ramp Median 3D 5 5 5 
20 None Hanning 100% Median 3D 5 5 5 
21 Median 2D 3 3 Ramp Median 3D 3 3 3 
22 Median 2D 3 3 Hanning 100% Median 3D 3 3 3 
23 Median 2D 3 3 Ramp Median 3D 5 5 5 
24 Median 2D 3 3 Hanning 100% Median 3D 5 5 5 

 
The data processes 1-3 in Table 1 indicate the standard processing for data sets of very good, 
good and moderate data quality for the CT system in use. The 2D hybrid median filters have 
been applied also multiple times. But there is no big difference in the general observations. 
Thus, values are omitted. Before applying the 3D median filters to the projections the data 
sets have been closed by adding the last projection of the measurement to the beginning of the 
data. Thus, the morphology of the filter is correct also for the first projection (i.e. for view 0°). 
Measurands under study for the calotte cube are the parameters of present regular geometries 
i.e. spheres – form deviation of calottes, radii of calottes, distances of calotte centres and the 
ROI analysis of selected projection – max, min, mean and standard deviation of the signal. 
 
4.3 Experimental Results 

 
The reconstruction time for the two data sets A and B is 5 min and 3 min, respectively. The 
time difference due to the different filtering in the backprojection is negligible. The time re-
quired for the explicit filtering of the data sets is very different. 2D median filters, unsharp 
mask filters and 2D hybrid median filters require computing of the order of 1-3 min, 5-10 min 
and 15-30 min, respectively, depending on the kernel size, while 3D median filters on projec-
tions require between 40 min and 60 min. The 3D median filters working on the two recon-
structed volumes need between 3 min – 5 min (for kernel size 3 3 3) and 25 min – 35 min 
(for kernel size 5 5 5). From the observation of the CPU load and the use of the 8 CPU cores 



it can be seen that some of the applied filter implementations (hybrid 2D filters) are yet not 
optimised for speed. Dedicated fast implementations of the filters exist. 
The influence of the projection filters has been analyzed at fixed positions of the image stacks 
using the Fiji ROI manager. For data sets A and B the same projections and ROI have been 
chosen to allow for a comparison. The results of the grey value mean and standard deviation 
of selected areas in air (64904 pixels) and material (2208 pixels) are given in Table 2. 
 

Table 2. Results of ROI analysis of 16-bit projection filtered material and air signal 
 
 Good SNR data set A Low SNR data set B 

Air Material Air Material 

Projection filter Mean Stddev Mean Stddev Mean Stddev Mean Stddev 

Unfiltered 59871.5 287.4 8125.0 341.9 59966.0 517.6 9850.7 1434.3 

Median 2D 3 3 59872.2 161.9 8125.2 325.7 59964.0 295.3 9853.3 1419.8 

Median 2D 5 5 59871.9 115.3 8124.9 322.1 59963.3 211.9 9856.5 1415.1 

Median 2D 7 7 59872.3 90.8 8126.1 321.0 59963.2 165.1 9858.8 1411.9 

Median 3D 59870.6 96.7 8127.0 317.1 60016.5 178.1 9885.3 1399.9 

Hybrid median 3D 
without centre pixel 

59870.9 125.8 8127.2 321.3 60002.0 230.6 9875.0 1407.3 

Hybrid median 3D 
with centre pixel 

59870.8 137.5 8127.0 322.6 59996.6 251.9 9871.5 1409.6 

Hybrid median 2D 
3 3 

59872.1 199.9 8125.4 329.9 59965.0 361.5 9851.3 1421.8 

Hybrid median 2D 
5 5 

59872.1 151.5 8125.0 325.0 59964.5 275.8 9855.0 1417.2 

Hybrid median 2D 
7 7 

59872.0 125.7 8126.7 323.2 59964.1 228.9 9858.6 1414.0 

Unsharp mask 
radius 1 weight 0.6 

59871.5 584.6 8121.4 408.0 59966.2 1048.5 9845.8 1500.5 

 
The data in Table 2 shows the strong effect of the applied filters to high frequency noise. With 
an increasing kernel size and increasing dimension of the filter the smoothing effect increases. 
While the median 2D 3 3 filter is frequently used the median 2D 5 5 and 7 7 filters can have 
negative effects on measurement of dimensional CT due to their smoothing and not edge pre-
serving effects. The unsharp mask filter (see Table 2 and data process 16) is an example of a 
non edge-preserving filter. The unsharp mask filter does not remove noise. Even more, the 
filter seem to add some high frequency noise. Additionally, some structure is visible in the 
difference to the original data set. The angular range where this behaviour is observed is lar-
ger compared to the 3D median filter. A possible non edge-preserving behaviour can be seen 
for the unsharp mask filter for the five-fold magnified difference to the original signal (Fig. 2 
left). Fig. 2 centre shows the edge-preserving behaviour of a standard 2D median 3 3 filter. 
The differences to the original signal show very little structure contrast for the median 2D 
filters and a slightly little more contrast for the hybrid 2D median filters and with increasing 
kernel size. In addition to the 2D median filters a 3D median (3 3 3) filter has been applied 
to projection data. The median 3D filter and a little less the hybrid 3D median (3 3 3) filters 
show some contrast in the difference images, esp. at angles where faces are hit parallel. Due 
to the angle step between two projections the application of 3D filters has to be evaluated 
critically according to the CT geometry. Fig. 2 right shows the behaviour of a 3D median fil-
ter on projections at critical projections where the signal changes very much due to a visible 
long edge. This behaviour is visible only in the direct neighbourhood (usually ±2 projections 
depending on the angular increment) of this specific view. The strong gradient – i.e. a very 
high local dynamic – in the original data set at this specific edge is reduced (in a very narrow 



area). The impact of this behaviour is not clear, but it is in any way restricted to a few projec-
tions only. But it is known that these long edges cause artefacts in standard CT processing, 
e.g. for objects which are positioned in a line with the long edge. Thus, it can be supposed that 
the 3D filter can decrease this type of artefact. For nearly all other projections good edge-
preserving behaviour can be observed for the median 3D filter. 
 

   
Figure 2. Magnified difference between (16-bit) filtered data projection and unfiltered projection [formula:  
5×(filtered – unfiltered) + 32000, Fiji “physics” colour look up table] for a selected ROI of the projection show-
ing a critical view along a long edge in grazing incidence: Left: Unsharp mask filter, centre: 2D median 3 3 
filter, right: 3D median 3 3 3 filter 
 
The results of the calotte geometry error analysis of the 24 analysed data processes for the 
data sets A and B are given in Tables 3 and 4, respectively. For visualisation the best and 
worst results of each measure are highlighted in blue (best value) or red (worst value).  
 
Table 3. Results of calotte geometry analysis for good SNR data set A (all values in µm) 

 
Data proc-

ess index, 

cf. Table 1 

Measured 

F95% 

form CT 

Mean 

measured 

form CT 

Mean 

form CT 

minus 

CMM 

Span of 

length 

errors CT 

Stddev. of 

length 

errors CT 

Span of 

radius 

errors CT 

Mean 

radius 

error CT 

1 3.16 9.39 4.22 8.02 1.367 3.24 -1.77 
2 2.80 8.40 3.23 7.68 1.338 2.86 -2.09 
3 2.76 8.19 3.02 7.60 1.334 2.81 -2.32 
4 2.86 8.33 3.16 7.78 1.352 2.89 -2.29 
5 2.70 7.68 2.51 7.49 1.307 2.77 -2.37 
6 3.27 8.96 3.79 7.89 1.377 2.71 -3.14 
7 3.14 8.17 2.99 7.72 1.332 2.62 -3.05 
8 4.22 11.25 6.07 8.57 1.417 3.27 -4.18 
9 4.03 10.44 5.27 7.95 1.351 3.03 -4.05 
10 3.04 8.46 3.29 7.89 1.368 2.90 -2.61 
11 2.94 8.62 3.45 7.99 1.367 3.10 -2.17 
12 2.94 8.62 3.45 7.91 1.358 3.09 -2.10 
13 2.96 8.75 3.58 7.77 1.346 3.05 -1.92 
14 3.06 8.88 3.70 7.69 1.354 3.04 -2.13 
15 3.28 9.50 4.33 8.02 1.360 3.17 -2.36 
16 3.49 10.06 4.89 8.09 1.349 3.19 -2.56 
17 2.62 7.75 2.58 7.78 1.315 2.90 -2.18 
18 2.62 7.59 2.42 7.59 1.322 2.71 -2.35 
19 2.18 6.20 1.03 7.69 1.287 2.37 -3.32 
20 2.23 6.34 1.17 7.32 1.286 2.48 -3.56 
21 2.70 7.64 2.47 7.76 1.348 2.63 -2.59 
22 2.62 7.28 2.11 7.45 1.312 2.64 -2.57 
23 2.37 6.64 1.47 7.77 1.302 2.57 -3.77 
24 2.39 6.57 1.40 7.38 1.274 2.59 -3.80 



Table 4. Results of calotte geometry analysis for low SNR data set B (all values in µm) 
 
Data proc-

ess index, 

cf. Table 1 

Measured 

F95% 

form CT 

Mean 

measured 

form CT 

Mean 

form CT 

minus 

CMM 

Span of 

length 

errors CT 

Stddev. of 

length 

errors CT 

Span of 

radius 

errors CT 

Mean 

radius 

error CT 

1 9.77 33.85 28.68 13.72 1.945 5.98 -1.93 
2 6.94 21.97 16.80 10.33 1.643 3.81 -2.11 
3 6.26 19.46 14.29 10.37 1.625 3.72 -2.29 
4 6.56 20.23 15.06 11.17 1.627 3.98 -2.46 
5 5.55 17.45 12.28 10.94 1.595 3.75 -2.56 
6 5.88 17.44 12.27 12.19 1.666 4.96 -3.37 
7 5.10 14.91 9.73 11.66 1.645 4.93 -3.36 
8 6.20 17.92 12.75 13.35 1.796 5.62 -4.67 
9 5.46 15.29 10.12 12.28 1.712 5.30 -4.59 
10 7.16 21.69 16.52 11.17 1.798 6.03 -3.78 
11 7.36 23.27 18.10 10.29 1.712 4.48 -3.00 
12 7.46 23.83 18.66 10.45 1.691 4.22 -2.80 
13 7.58 24.25 19.08 11.11 1.747 4.26 -2.14 
14 6.90 21.15 15.98 11.00 1.671 3.85 -2.56 
15 6.90 21.46 16.29 11.57 1.644 4.16 -3.03 

16 (see text) (14.1) (64.24) (59.07) (380.99) (23.155) (15.30) (-1.55) 
17 5.85 18.58 13.41 10.29 1.542 3.30 -2.38 
18 5.24 16.58 11.41 10.54 1.588 3.47 -2.57 
19 4.07 12.37 7.20 9.77 1.511 3.86 -3.49 
20 3.81 11.58 6.41 10.32 1.527 3.87 -3.71 
21 5.19 16.10 10.93 10.62 1.543 3.69 -2.92 
22 4.91 15.26 10.09 10.59 1.576 3.85 -2.92 
23 3.95 11.77 6.60 10.40 1.499 3.68 -4.03 
24 3.87 11.34 6.17 10.36 1.528 3.71 -4.07 

 
Results for calotte forms 
The 75 calottes being machined by erosion [12] have CMM measured form errors of 3.2 µm – 
7.8 µm assessed with a spatial 82-point probing strategy [14]. CT measurements show in gen-
eral greater deviations (point density between 250 and 350 points per calotte). As a conse-
quence of the discussion in the ISO committee TC 213 WG 10 for CT the 95% width of the 
distribution of the (approx. 22500) radial errors to the respective fitted spherical element of all 
75 spheres is used. This measure (named F95%) is robust and insensitive to single outliers 
and can be used to analyze the impact of the filter. As a second characteristic the mean form 
errors – defined as the span of the radial errors to the fitted element of one sphere – of all 75 
calottes are analyzed. While the form error of a single calotte depends on few data points this 
mean value serves as a second robust number which can be compared to the tactile calibra-
tion. Thus, the difference between CT form deviation and the tactile value is given here, too. 
 
With standard 2D median filtering of the projections an enhancement of the F95% form de-
viation of the calottes can be observed for 3 3 2D median filtering only, while for good SNR 
data sets the bigger filter kernels (5 5 and 7 7, data processes 6-9) cause a degradation of the 
form! Strong filtering can improve the mean error of form relative to the CMM calibration by 
a factor 4-5! For the good SNR data set A the difference between CT measurement and CMM 
calibration is negligible only for strong filtering (data processes 19, 20 and 23, 24). 
 



Results for calotte centre distances 
The 2775 calotte distances serve as calibrated length standards. The length measurement er-
rors benefit also from the filtering, but with a much lower extent. The gain due to the filtering 
is of the order of 7% in maximum for the good SNR data set A and up to 23% for the low 
SNR data set B as seen by the standard deviation of the length measurement errors. The span 
of the length measurement errors behaves in the same way. It is worth noting that the filtering 
does not cause a new overall scaling error. As mentioned above the CT system has been com-
pensated for residual scaling errors. This condition is not changed by the filtering. 
Remark: The unsharp filter (data process 16) shows extreme high length measurement errors esp. for 
the data set B with a low SNR; see Table 4. 
 
Results for calotte radii 
For the 75 calotte radii the effect is different. Here, also the unfiltered data set 1 has low er-
rors. The filtering increases the negative mean radius error with increasing filter strength! 
Additionally to this negative effect the filtering causes a smaller width of the distribution of 
the radial errors, but with the trade-off of an increased mean error! Reasons for this effect 
which reaches a factor two in maximum are the loss of spatial resolution and effects of the 
surface determination. The observed effect is independent of the SNR of the measurement. It 
is worth noting that in the present study only calottes (being hollow spheres as convex geome-
try) are analyzed. Further analysis should cover concave geometries, i.e. full spheres, too. 
Remark: The good value for the unsharp mask filter of data set B (data process 16) in Table 4 is not 
representative. The data quality after filtering is very poor. This can be seen by a spread of “particle 
fog” around the calotte cube in the air and the failure of the automatic registration of the filtered data 
set to the CAD model. Thus, the good mean radius value is rated to be fortune. 
 
Effect on artefacts 
To study the entire impact of filtering on image artefacts would go beyond the scope of this 
paper. Thus, only certain example of possible image based errors have been analysed. Certain 
image errors have been simulated to the 16-bit data sets in study: 

- Dead line defect of width one pixel (completely black grey value 0 or white grey value 
65535) in one projections and in a series of projections 

- Single dead pixels defect (completely black grey value 0 or white grey value 65535) in 
one projections and in a series of projections 

- Dead pixels clusters in one projection and in a series of projections 
 

The 2D median 3 3 filter removes line defects and single pixel errors efficiently. This is true 
for errors in one projection and for errors present to the stack of projections. Also small clus-
ters of dead pixels (e.g. 3 pixels forming a triangle) are removed. With increasing kernel size 
(2D median 5 5 or 7 7) also bigger defect clusters are removed. The 3D median also re-
moves 3 3 clusters present to the data. It is here more efficient than a 2D median 5 5 filter! 
But the correction of image errors alone does not justify the application of filters. It is indus-
trial standard to use respective analysis algorithms to identify bad pixels and to create and to 
apply a bad pixel table to the projection data before doing e.g. the reconstruction. 
 
Geometry comparisons 
The problem intrinsic to geometry comparisons is that they yield only a relative statement 
between two states which are both impaired by specific errors. Thus, actual-nominal value 
comparisons can give only an overview of effects. Example comparison of data processes 1 
(as nominal) and 19 (as actual) for data set A show a dominant rounding effect of the 5×5×5 
median 3D filter at all present edges with 99% of all absolute deviations of the whole cube 



reaching a value of 10.5 µm. Inside the calottes a filter induced gain of material can be ob-
served on average. This supports the increased negative radii errors stated above. For the 
3×3×3 median 3D filter the rounding of edges is much less: Comparison of data processes 1 
(as nominal) and 17 (as actual) for data set A show differences up to 5.6 µm for 99% of all 
absolute deviations. Comparisons of bodies with sharp edges are very sensitive to the direc-
tion of the comparison, while the statistics depends on the ratio of edges to the whole surface. 
 
Resolution 
The resolution of the CT measurements is analysed by comparison of edge radii of unfiltered 
and filtered data sets at selected positions of the reference standard. Reference measurements 
have been performed using an optical measurement system (Alicona Infinite-Focus with ten-
fold objective, estimated vertical resolution 2.3 µm, and lateral resolution 3.9 µm). This sys-
tem is well adapted to the grey and non-reflective surface of the eroded titanium surface of the 
calotte cube. The intrinsic micro roughness of this surface is used to apply the focus variation 
measurement principle. By using the stitching mode and 78 fields of view one edge of the 
cube and (see Fig. 3) the visible flanks of 20 calottes have been measured.  
 

   
Figure 3. Left: Optical measurement setting of calotte cube. Centre: Extracted segment of optical measurement 
with one edge and 20 calottes, respectively. Right: Analysis of the 10 mm long face edge using profiles 
 
The analysis uses profile scans (see Fig. 3 right). The edge radius of the long face edge (Fig. 3 
right) was determined with 11.7 µm – 12.0 µm depending on the analysis strategy (either fit-
ting of a cylinder to extracted edge surface or fitting of a cylinder to scanned profiles using 
software GOM Inspect in both cases). An alternative MATLAB analysis using a method de-
scribed in a company standard of BOSCH (4497037113 | N42AP 620 | 2008-10-27) results in 
an average radius value of 18.4 µm. First studies performed with a 50-fold objective applied 
with the same measurement system show an edge radius of the order 5.8 µm. Thus, the edges 
are sharp compared to the resolution of the two CT measurements (voxel size [16.6 µm]3). 
 
For the performed CT measurements the two cases of extreme behaviour are analysed for 
both data sets A and B, respectively: Data process 1 being the processing with no explicit fil-
tering of the data and process 20 being the processing with one of the strongest filter effects. 
Edge radii are analysed comparable to the optical measurement by extracting the respective 
regions of the calotte cube as STL surfaces (export mode “super precise” without resampling 
in VGStudio MAX) and performing of the same analysis. For data set A of good SNR an edge 
radius of 19.0 µm – 22.7 µm is measured for data process 1 and 43.0 µm – 54.2 µm for strong 
filtered data process 20. The span in the given values is due to the two analysis modes – pro-
file analysis and surface based analysis. For data set B of low SNR an edge radius of 
31.8µm – 46.5 µm is measured for data process 1 and 57.5 µm– 66.4 µm for strong filtered 
data process 20. The relation to the optical data shows that the observed behaviour is domi-
nated by the intrinsic sampling of CT. The filter effect is also clearly visible with a smoothing 



of the sample edge. The behaviour at other edges is similar. The study of the edge smoothing 
behaviour can serve as a test for the resolution of CT systems for dimensional measurements. 
4.4 Discussion of results 

 
Median filtering can prevent the influence of uncorrected single bit or single line errors to 
become dominant in reconstructed CT data. It is the experience of the authors that often in-
dustrial workpieces to be measured with dimensional CT feature low or moderate spatial fre-
quencies, i.e. low or moderate curvatures, at the parts of the geometry which are to be ana-
lysed using CT. Thus, the CT “standard processing” can benefit from a moderate edge pre-
serving filtering. Having “crispy” images may be advantageous for certain NDT analysis 
while it can be valuable to filter noise efficiently for dimensional CT measurements. In prac-
tice we have good experiences with 2D median 3×3 filters on projection data and with 3D 
median 3×3×3 filters on volume data with various samples (especially with synchrotron CT 
data). For further enhanced length measurements of the calotte cube the thermal expansion of 
the calotte cube has to be corrected. A correction of the order of 0.4 µm is to be expected for a 
3 K difference to the ISO 1 reference temperature 20°C and a maximum length of 13.2 mm. 
 
5.  Conclusions 
 
CT measurements are largely influenced by the way the data processing is done. However, for 
dimensional CT measurements the quantitative influence of data filtering is usually not 
known. The paper has shown data filtering and quantitative analysis for dimensional CT 
measurements with a specific focus on the impact of the filtering on the metrological proper-
ties of the measured surface of the reconstructed volume data. 24 filter operations and proc-
esses have been performed as an example on the measured raw projections, during the filtered 
backprojection and for comparison on the CT volume data and as well in combination of the 
three filter types. Comparison of different filtering has been presented. Filters include also 3D 
filtering of the projection images. For the projection filtering the free software ImageJ [3] or 
Fiji [4] has been applied. 2D median filtering running on projections and 3D median 3 3 3 
filtering running on the CT volume are quite fast and as long as they are supported by the CT 
data processing software easy to use. The efficiency in correcting noise, sampling artefacts 
and specific image artefacts within the data is often sufficient. The effort/benefit ratio is in 
general good. The application of hybrid median filters in 2D and 3D running on projections 
does not show a strong difference to standard median filters. 
 
As study object a calibrated reference standard – a calotte cube made from titanium – has 
been used. Systematic dependencies have been observed for one standard CT scan with good 
SNR and one fast CT scan with low SNR. The form of the measured calottes is enhanced by a 
proper filtering. The error relative to the tactile CMM calibration is improved by a factor 4-5 
in maximum! With the use of 3 3 3 or 5 5 5 median filters on the reconstructed volume 
form deviations of good CT measurements are comparable to tactile CMM measurements. 
Also the length errors benefit from the filtering. But here the gain is lower – only of the order 
of 7% – 23% for the standard deviations of the length errors. It was observed that the errors of 
the sphere radii increase with the applied filtering! The filtering doubles the present negative 
mean radius error in maximum. The observation is consistent for all applied edge-preserving 
filters. We assume that it is a result of the reduction of spatial resolution due to the filtering, 
as is also seen as an increase of the edge radii of the face edges by a factor of two. As ex-
pected, appropriate filtering depends on the measurement task. The apparent reduction of 
form errors by strong filtering has to be considered with care, because low pass filtered data 
always lead to smooth surfaces, loss of resolution and can cause errors of absolute dimen-



sions. Thus it is necessary to observe the spatial resolution when examining form errors. The 
effect is systematic and has been observed for both data sets and for all applied filters.  
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