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Abstract 
Computed tomography for dimensional metrology has been introduced in the quality control loop for about a decade. To make 
the tolerance verification consistent, GD&T evaluation programs have been developed, which make use of CT point clouds 
generated through segmentation. This important step in a CT measurement sequence is investigated under the perspectives of 
tolerance analysis and measurement uncertainty. Based on empirical master part reference measurements, voxel dataset noise 
can be rationally filtered out by applying point-based reduction algorithms. Their significance on dimensional and geometrical 
characteristics’ measurements is experimentally tested and discussed in this work. 
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1 Introduction 
Computed tomography (CT) for dimensional metrology has been gradually included into the quality control loop of industries; 
the possibility of fully inspecting complex-shaped objects without damaging it or imposing sensor accessibility restrictions for 
tiny or hidden features is the major differential of the technology. CT relies on the attenuation of X-rays when propagating 
through the test object. For different beam directions, the intensity distribution of the remaining radiation is detected and stored 
as a grey-value image. The resulting planar images related to the complete test object rotation are mathematically processed to 
construct the voxel dataset. Posterior segmentation of the voxel dataset allows distinguish the edges of the test object; finally, 
dimensional analyses can be performed [1-2]. Typical design of metrological CT scanners comprises the X-ray cone-beam 
source at one end and the flat panel detector at the other end. Between them, a turntable for stepwise rotation of the object is 
placed, which can be linearly moved along the magnification axis. Figure 1 illustrates the design of a typical metrological CT 
system. Because of the complex CT measurement chain, many influencing quantities and factors may influence the results of 
CT-based measurements. They may be related to the X-ray source (e.g. photon energy, focal spot size), detector (e.g. 
sensitivity, pixel size, exposure time), test object (e.g. material, geometry), kinematics (e.g. magnification axis and turntable 
accuracy), and image and mathematical further processing (e.g. image filtering, artifact reduction, edge detection, tolerance 
analysis) [2]. 
 

 
Figure 1: Typical design of a metrological CT system and the influence quantities and factors related to each CT subsystem. 
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This complicated measurement error behavior has made difficult estimating the measurement uncertainty and thus tracing the 
CT measurement results back to the unit of length. In fact, recent works have addressed the difficulties in suitably reporting the 
uncertainty associated with CT-based measurement results [3], the use of the experimental method described in ISO 15530-3 
to determine the uncertainty [4-9], the development of virtual CT simulation platforms to compute the uncertainty [10], and the 
effect of varying different CT influence quantities and factors on the measurement result [11-18]. 

1.1 Subject matter 
In 1993, Brown [19] defined methods divergence as the realization that dissimilar measuring methods yield different measured 
results for the same feature. To make the tolerance verification consistent and nearly independent of metrologist decisions, 
GD&T evaluation programs have been offered in recent years. They make use of point clouds from test object measurements 
performed on any measurement device, merge the points with the corresponding nominal model, and automatically evaluate 
the tolerance callouts in compliance with GD&T standards such as ASME Y14.5 and ISO 1101. 
For CT metrology, the typical input data of standalone GD&T evaluation programs is the point cloud, which is obtained from 
the computed surface through the segmentation process with sub-voxel accuracy. The extracted surface is then represented by 
a set of points (coordinates) which can be connected to each other to form a triangle mesh (STL). This important stage in a CT 
measurement procedure is explored in this paper under the tolerance verification and measurement uncertainty views. Based on 
empirical master part reference measurements, data reduction methods for rationally extracting CT point cloud information are 
presented. Their effect on dimensional / geometrical characteristics’ measurements is experimentally tested and discussed. 

2 Point-based compensation approach 
Recent researches have shown the dominant effect of the measurement bias on the uncertainty of dimensional CT results [7-9]. 
Influencing factors such as image artifacts and image noise cause problems in threshold surface determination (edge detection), 
directly impacting the measurement bias and jeopardizing further tolerance compliance analyses. To overcome this uncertainty 
matter in dimensional CT measurements, a point-based compensation approach has been formulated. The conceptual basis of 
the approach is summarized in this section. 
First, the point-based compensation approach relies on a measurement technology more accurate than CT and preferentially 
traceable to the SI unit of length, such as a classical coordinate measuring machine (CMM) - labeled as R-CMS (Reference 
Coordinate Measuring System). This is an imperative assumption, which is though quite reasonable considering that CMM 
outcomes are appropriate for most GD&T-based inspection processes. From the point density point of view, it implies that the 
CMM point density is sufficient to perform tolerance assessment and therefore no extra information would be needed on other 
locations of a particular feature. In other words, the point-based compensation approach equalizes the point density of both 
techniques, with no risk to the overall tolerance assessment. 
Second, the point-based compensation approach considers that the CT output - labeled as L-CT (Line CT) is repeatable, with a 
constant bias at each specific point location. This means that by extracting virtually the same measurement point from several 
CT datasets of the same part, measured under repeatability conditions, considerably smaller point location variation would be 
observed. By repeatability conditions in CT measurements one means keeping constant or under certain limits most of the 
influence quantities and factors mentioned in Figure 1. 
Considering the two basic assumptions just described, the point-based compensation approach can be applied to L-CT datasets 
of nearly identical parts, i.e. sufficient dimensional stability and material homogeneity must be exhibited by the production 
parts over time. The measurement routine can be understood as four macro operations, as follows: 
 

(1) A typical part is selected and designated as the “master part”, which is calibrated in an upper-echelon R-CMS using a 
measurement script appropriate for checking the dimensional and geometrical contents of the part. The upper-echelon 
laboratory may use extra techniques to reduce uncertainty as needed (e.g. substitution measurement method, repeated 
measurements, etc). The R-CMS dataset (i.e. the measurement value of each sampling-point position used to define 
each feature) is then recorded in a master-part file. 

(2) The L-CT scans the master part using a proper CT setting (e.g. tube voltage and current, filter plate, integration time, 
voxel size, part orientation) and further processing steps (e.g. surface determination algorithm, beam hardening 
reduction algorithm), which have to be kept fixed in order to apply the compensation vector. The complete measuring 
cycle has to be repeated at least five times in order to estimate the point variation (the mean value is used to calculate 
the correction value). The L-CT datasets are then recorded in line-part files. 

(3) The point-compensation algorithm correlates the L-CT dataset with the R-CMS dataset, filters out the uncorrelated 
points and calculates the difference between each L-CT mean point and the corresponding R-CMS point. The point 
compensation vector/file is produced (representing the L-CT task-specific point error), which contains all the actual 
unknown systematic effects of the L-CT compared to the R-CMS. 

(4) The L-CT starts measuring regular parts following the same script predefined in item 2. The resulting L-CT dataset is 
extracted as a STL (or text) file, filtered out considering the R-CMS dataset, and then the point-compensation vector 
(item 3) is applied to each filtered point. Thereby, the systematic error of each filtered L-CT point is corrected. This 
way, the uncertainty of each L-CT point can be reduced to its own measurement repeatability plus the uncertainty 
associated with the calibrated points. 
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3 Experimental measurement design 
In order to study the point-based compensation approach effect on the GD&T tolerance verification, the exemplary prismatic 
part illustrated in Figure 2 was selected. The figure also exhibits the datums and tolerances assigned to the part geometries, 
which may profit from the proposed method. Being a proof-of-concept study, though, only the flatness assigned to the primary 
datum A is covered in this paper. Particularly for CT measurement, it is worth mentioning that the exemplary prismatic part 
material is aluminum, featuring a nominal density of 2700 kg/m3 and a body diagonal of approximately 100 mm. 
 

 
Figure 2: Illustrative image of the exemplary part indicating the assigned feature tolerances and the respective datums. 

3.1 CMM reference measurements 
The intrinsic characteristics of two exemplary prismatic parts were calibrated on a Carl Zeiss PRISMO ultra CMM housed in a 
temperature-controlled laboratory kept at (20.0 ± 0.5) °C - the R-CMS in this study. For the primary datum A, scanning mode 
was used to sample the grid exhibited in Figure 3. The R-CMS point cloud was thus created and the single point uncertainty 
estimated using the Virtual CMM software output and expert judgment. 
Data evaluation was then entirely executed on KOTEM SmartProfile 4.5 analysis software using the reference point cloud. 
Considering only the flatness tolerance under scrutiny, minimum zone method was chosen to fit the measured points to the 
nominal geometry, as defined in GD&T standards. The reference value was found as 0.0206 mm ± 0.0005 mm (k = 2) for part 
#1 and 0.0212 mm ± 0.0005 mm (k = 2) for part #2. 
 

 
Figure 3: Point pattern created and sampled on the exemplary parts using the scanning measurement mode of the R-CMS. 

3.2 CT measurements 
The two exemplary parts were separately scanned on a Carl Zeiss METROTOM 1500 CT - the L-CT in this study, equipped 
with a 225 kV micro-focus tube and a 20482 pixel flat panel detector. The CT scanner is housed in a temperature-controlled 
room kept at (20 ± 1) °C. To scan the parts, the magnification axis was positioned to project each part using the maximum 
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possible area of the detector with 10242 pixel resolution (binning mode). The X-ray tube voltage was set high enough to avoid 
complete beam extinction, and the detector integration time set to a convenient value. The source current was set to enhance 
image contrast and brightness. This way, the spatial resolution remained limited by the focal spot size of 110 µm and not by 
the resulting voxel size of 146 µm. The number of angular steps was selected as about twice the number of pixels covered by 
the resulting shadow of the test part in the projection. For both parts, L-CT built-in post-processing beam hardening reduction 
function was enabled. Table 1 summarises the CT setting parameters for the L-CT scans (five repeated measurements on each 
part performed under repeatability conditions), which were optimized for voxel dataset accuracy, and not for scanning time. 
 

X-ray source 
. tube voltage 
. tube current 
. focal spot size 
. prefilter 

 
220 kV 
500 µA 
110 µm 

3.0 mm Cu 
Flat panel detector 
. integration time 
. image average 
. resolution mode 
. pixel pitch 

 
4000 ms 

(no average) 
10242 pixel 

400 µm 
Test sample setup 
. voxel size 
. image magnification 
. number of projections 
. relative geometrical unsharpness [20] 

 
146 µm 

2.74 
1500 
0.48 

Table 1: CT control settings chosen for scanning both exemplary parts. 

To determine the surface from the voxel dataset of the mono-material parts, the standard ‘iso-50%’ threshold value was applied 
globally. The point cloud could then be created and exported with different default presets in VGStudio MAX 3.0 software. In 
this work only the ‘superprecise’ default preset was considered in further analyses; in fact, no statistical difference has been 
evidenced in the form error estimates and the direction vectors of the datums when using different presets [21]. Therefore, five 
line-part files were generated for each exemplary part. Data evaluation was again entirely executed on KOTEM SmartProfile 
4.5 analysis software using each L-CT dataset. For the flatness tolerance under scrutiny the mean value of five measurements 
was found as 0.226 mm for part #1 and 0.234 mm for part #2. 

4 Point-based compensation results 
The previous section outlined the first two macro operations associated with the point-based compensation approach outlined 
in section 2. Here, the implementation of the other two macro operations is presented and discussed under two perspectives: (a) 
same part (#2) used for creating and applying the compensation vector; (b) other part (#1) used for applying the compensation 
vector. 

4.1 Biased analysis: same part used for creating and applying the compensation vector 
First the master-part file of part #2 has to be prepared (i.e. aligned to place points in proper positions using points sampled in 
other elements), to be used as R-CMS dataset. Figure 4 illustrates the resulting R-CMS evaluation of the flatness tolerance. 
The actual surface profile can be clearly identified using the colour map on the left and the deviation-to-nominal histogram on 
the right. The actual flatness deviation is that mentioned in subsection 3.1 (and also exhibited in the figure). 
 

   
Figure 4: R-CMS flatness evaluation of part #2, showing the deviation colour map (left) and the deviation histogram (right). 
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The point-compensation database is then created using the prepared master-part file and the five line-part files associated with 
part #2. In this operation, the L-CT dataset is intelligently reduced to the corresponding points of the R-CMS dataset, and the 
compensation vector is created, which carries the L-CT task-specific point error. In order to approach the L-CT dataset to the 
R-CMS dataset, first a spherical envelope (of radius 1 mm for this study) is virtually created for each R-CMS point; then, the 
average of the L-CT points enclosed by the envelope is computed and the deviation to the reference value can be estimated. 
For illustrative purpose, the L-CT evaluation of the flatness tolerance of part #2 (first measurement) is displayed in Figure 5 
using the filtered points only. The L-CT calculated flatness value is about ten times greater than the R-CMS output and the 
shape does not resemble that obtained with the R-CMS. That is because the actual shape of the part is in fact hidden by the CT 
background noise. This behavior becomes even more evident in the deviation-to-nominal histogram; a very different deviation 
distribution could be observed (same colour scale applied to all analyses). 
 

   
Figure 5: L-CT flatness evaluation of part #2 (first measurement, filtered), displaying the deviation colour map (left) and the 
deviation histogram (right). 

The point-compensation vector is then applied to each corresponding L-CT filtered point of part #2, producing the results 
displayed in Figure 6. The flatness value is now 0.030 mm for part #2 (first measurement); the surface shape and the deviation 
histogram are comparable to the R-CMS results (same colour scale applied to all analyses). Because of the point compensation 
algorithm nature, the deviation histogram shape approaches a normal distribution. This is a consequence of the central limit 
theorem, which states that the sampling distribution of the mean of any independent, random variable will be normal or nearly 
normal, if the sample size is large enough [22]. Similar behavior could be observed for all five L-CT measurements of part #2; 
the uncompensated and compensated flatness evaluation values are listed in Table 2. 
 

   
Figure 6: Flatness evaluation of part #2 (first measurement, filtered) after applying the compensation vector to the same 
points sampled with L-CT; deviation colour map displayed on the left and deviation histogram displayed on the right. 

The significant reduction of flatness values after individually compensating each L-CT point can be regarded as a very positive 
result of the proposed algorithm. The L-CT flatness mean value of part #2 after point compensation is (0.033 ± 0.020) mm; the 
uncertainty is determined similar to ISO 15530-3 method, i.e. as root-sum-squared combination of the calibration uncertainty 
and the measurement procedure uncertainty multiplied by the coverage factor k = 2. The most dominant uncertainty factor is 
definitely the CT background noise, which composes the measurement procedure uncertainty. The result is more encouraging 
when comparing the compensated L-CT flatness value with the R-CMS flatness value. The normalized error (En-value), which 
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in this study expresses the difference between the two flatness values compared to the associated uncertainties, is used for this 
purpose [23]. En-value equals to 0.59 was calculated for this first scenario, which suggests satisfactory agreement between the 
two measurement results. 
 

Measurement 
L-CT 

Uncompensated 
L-CT 

Compensated 
Part #2 (r1) 0.233 0.030 
Part #2 (r2) 0.236 0.033 
Part #2 (r3) 0.232 0.033 
Part #2 (r4) 0.232 0.034 
Part #2 (r5) 0.236 0.037 

Table 2: L-CT uncompensated and compensated flatness values for part #2 (values in millimeters).  

4.2 Unbiased analysis: different part used for applying the compensation vector 
In order to emulate the forth (and latter) macro operation outlined in section 2 and to prevent the biased analysis described in 
subsection 4.1, the same compensation vector previously created was applied to the L-CT dataset of part #1. Despite the very 
similar flatness values found for each part using the R-CMS (please refer to subsection 3.1 for the corresponding values), the 
actual surface shape displays significative differences, particularly close to the corners, as shown in Figure 7. 
 

   
Figure 7: R-CMS flatness evaluation of part #1, showing the deviation colour map (left) and the deviation histogram (right). 

The L-CT evaluation of the flatness tolerance of part #1 (first measurement) is shown in Figure 8 using only the filtered points. 
Again the L-CT calculated flatness value is about ten times greater than the R-CMS output and the shape does not resemble 
that obtained with the R-CMS. On the other hand, the shape is nearly the same as that observed for the L-CT of part #2 (Figure 
5), which confirms the previous impression that the actual shape is masked by the CT dataset noise. The deviation histogram 
also presents a similar shape (same colour scale applied to all analyses). 
 

   
Figure 8: L-CT flatness evaluation of part #1 (first measurement, filtered), displaying the deviation colour map (left) and the 
deviation histogram (right). 

Finally the point-compensation vector can be applied to each corresponding L-CT filtered point of part #1, producing the 
results displayed in Figure 9. The flatness value is now 0.047 mm for part #1 (first measurement); however, the surface shape 
and the deviation histogram are not as close to the R-CMS results as evidenced in subsection 4.1. 
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The L-CT flatness mean value of part #1 after point compensation is (0.050 ± 0.020) mm (k = 2); the dominant uncertainty 
factor is by far the CT background noise. When comparing the compensated L-CT flatness value (and associated measurement 
uncertainty) with the corresponding R-CMS flatness value (and associated measurement uncertainty), En = 1.44 was obtained. 
This implies poor agreement between the two measurement results, which is a direct consequence of the noisy CT dataset that 
supprises the actual shape of the surface. 
In other words, the surface signature (actual shape variation) is small comparing to the CT measurement uncertainty and the L-
CT is thus unable to resolve the surface signature. Therefore, the unsatisfactory agreement observed in this unbiased analysis 
can be explained by the actual shape variation, which is lower than the intrinsic method uncertainty. In this particular situation, 
if significant changes due to manufacturing were expected, then a new R-CMS dataset (and a new master-part file) would be 
necessary to generate the compensation vector. However, prior to confirming this latter assumption, further noise reduction 
strategies would need to be implemented in different stages of the measurement process (e.g. when setting CT parameters, 
when applying enhancement algorithms at projection level and at voxel dataset level) in order to improve the point-based 
compensation outcome. 
 

   
Figure 9: Flatness evaluation of part #1 (first measurement, filtered) after applying the compensation vector to the same 
points sampled with L-CT; deviation colour map displayed on the left and deviation histogram displayed on the right. 

5 Concluding remarks 
The recently issued document of the Consultative Committee for Length (CCL) identifies issues that must be addressed by the 
metrology community. Particularly for coordinate metrology, digital manufacturing is driving demand for vastly higher point 
coordinate data density, and the interpretation of these massive datasets presents new challenges [24]. Intelligent filtering of 
the large number of data points generated by CT systems and development of correction procedures to reduce measurement 
deviations of less accurate but volumetric sensors with measurement data of more accurate sensors have been recognized as 
demands for coordinate metrology [25]. Therefore the point-based compensation approach described in this document is in full 
consonance with the current needs in coordinate metrology. By compensating the CT point dataset, the task-specific 
measurement uncertainty can be estimated and the traceability to the SI unit of length, guaranteed. In fact, from the 
experimental tests, a well-defined bias could be observed for the CT datasets - point compensation is thus worthy, but with a 
random variation that cannot be neglected in the uncertainty budget. CT point compensation is additionally justified by the 
wrong shape provided by the technology due to image artefacts, which may jeopardize product tolerance analysis and 
manufacturing investigation. 
Experimental findings have shown good agreement between R-CMS dataset and L-CT dataset after wise point reduction and 
correction in the biased analysis, i.e. same part used for creating and applying the compensation vector, which emulates the 
situation in which the actual feature shape remains nearly constant over time. This is a prerequisite that could be added to those 
conditions listed in section 2 whenever the actual feature variation is small comparing to the measurement method uncertainty. 
Indeed, for the unbiased analysis, i.e. other part used for applying the compensation vector, unsatisfactory agreement between 
R-CMS dataset and L-CT dataset after wise point reduction and compensation could be observed, due to significant changes 
between the actual surface shapes of the two exemplary parts, which could not be resolved by the L-CT. The poor agreement 
observed in this unbiased analysis found an answer in the actual shape variation, which is significantly less than the intrinsic 
method uncertainty. In this very particular case, if significant changes due to manufacturing were expected, then a new R-CMS 
dataset would be necessary to create the compensation vector. However, this matter has to be further investigated in some 
aspects, such as: (a) applying enhancement algorithms at projection and voxel levels, (b) reducing the structural resolution by 
changing CT tube and detector parameters (which may limit the size and material of the part to be scanned), and even (c) 
enlarging the part form error to a level compatible with the CT capability to capture the surface signature. 
Last but not least, despite the issues realized by the unbiased analysis, the point-based compensation approach described in this 
paper definitely offers the potential to reduce the measurement uncertainty down to the level of the CT measurement process 
repeatability for all features on a part of arbitrary complexity, measured by any operator-selected method (i.e. considering the 
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influence quantities and factors shown in Figure 1). Moreover, the full potential of the measurement data can be realized with 
significant reduction of computational effort and increase of measurement accuracy. 
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