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Abstract

System calibration of industrial computed tomography systems, used for dimensional measurement, is often based on scanning a

reference object, measuring the deviations in the resulting tomogram, and using this information for later reconstructions [1, 2].

Because uncertainty is a factor in the process [3, 4], this calibration procedure itself is limited. In this paper, a simulation is used

to determine the best case scenario in order to qualify lower limits of this procedure. The target is to analyse the measurability

of the artefacts in the tomogram of the calibration object, independent from other influences.
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1 Introduction

X-ray computed tomography systems which are used for dimensional metrology [5] are usually qualified according to procedures

similar to those described in the guidline VDI 2630 [6]. One of the most commonly used measures is the so called sphere distance

(SD). In this measure, (at least) two spheres are considered. Their surfaces are computed, and the centre points are estimated

from these surfaces. Then, the SD is the distance between those centre points. Finally, this actual distance is compared to a

nominal one, provided by a calibration of the spheres.

This measure can also be used for the calibration of the system and is one of the preferred procedures [1]. For this, a calibrated

object (gauge) is scanned. These gauges usually consist of a substrate with a low attenuation, for example, carbon fibre, and

spheres with higher attenuation, for example ruby, and is calibrated with a reference coordinate measurement machine (CMM),

so the distances between the spheres are known with a precision higher than the CT. The deviations can than be used to minimize

magnification errors and other misalignments.

However, this procedure provides problems on its own. For once, the object itself has its own, characteristic artefacts, like beam

hardening [7, 8] and scattering [9, 10]. The gauges used for this purpose are constructed to provide little of those artefacts, but

this is not a perfect solution.

Another problem is the physical space of the gauge, relative to the system. If the gauge is used in the centre plane of projection

cone only, the system is less sensitive to misalignments, which still may influence the following measurement [11]. If there

are spheres further apart from this plane, the cone beam artefacts [12] are more prominent. Müller et al. [13] show that this

influence can be in a similar dimension as the specified precision of the machine, and they identify both the voxel size and

Feldkamp artefacts as the main sources. However, because they used a real system, additional influences are unknown. In order

to separate the influences, a CT with perfect geometry and a fixed point source is simulated here, which is a best case scenario

for a commercially available CT system used for dimensional measurement.

In theory, the artefacts can be computed in advance. In reality, the recording system uses a set of different proprietary algorithms,

for example, the reconstruction, so their influence is unknown; so are potential adjustments to this procedure. Furthermore, the

process of computing all of these influences can be very cumbersome and may change with updates of the software. Hence,

simulations are a good procedure to evaluate the measurement system, containing of the CT system, the reconstruction and the

evaluation software.

In this paper, the influences of the opening angle, that is, the Feldkamp artefacts, in respect to the SD values are analysed. The

focus is to detect the practical limitation of the calibration procedure, using a CT scan of the gauge. This is relevant because the

dimension is the same as the qualification of the system, according to [13].

2 Materials and Methods

In this paper, BAM aRTist [14] is used for the simulation. This is an X-ray simulation toolbox which is capable of simulating

different system configurations. Using the perfect geometry the simulation has been used, the commercially available recon-

struction software Siemens CERA 4.1.0 is utilized, and the evaluation is performed using VolumeGraphics Studio MAX 3.2. By

dividing the reconstruction and the evaluation software to two different vendors, a priori knowledge of the CT scan is neglected;

the voxel size and the raw volume data is passed to the evaluation software only.

The plate is simulated with a substrate of boron nitride ceramic and spheres of ruby. The first is a material with low attenuation

which can be produced with minimal structures, which makes it superior to carbon fibre. The second is a standard material for

the construction of gauges for CT qualification. One edge is 20mm long, while the sphere centres of the edge spheres are 16mm

apart.
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Figure 1: Example projections of the gauge with different sphere sizes, from left to right: one millimetre diameter, two millimetre

diameter, and four millimetre diameter. The sphere centres are posited at the same locations in the CT scan. The substrate plate

is pushed further away from the rotation axis with increasing diameter, such that plate and spheres touch, but do not overlap.

Figure 2: Tompgraphic slices of the simulated gauges, from left to right: one millimetre spheres, two millimetre spheres, and

four millimetre spheres. Extracted from the centre of the reconstruction. The spheres are easy to distinguish from the substrate

in all cases.

This virtual gauge is oriented such that the rotation axis passes through the centres of the middle spheres, see Figure 1, and for

the reconstruction, see Figure 2. Hence, the plate is placed with an offset to the rotation axis, but provides the same size for

all scans. This would be the ideal orientation of this plate to measure inaccuracies [11]. Furthermore, it is the ideal orientation

to study the cone beam artefacts, because they become more prominent the larger the distance between the measured object (a

sphere, in this case) and the centre plane of the cone beam is.

Only distances between the spheres are evaluated. In total, 44 of those SD values are measured, distributed evenly for an unbiased

evaluation of the influences [11]. The spheres and sphere distances that are measured are ordered such that they are distributed in

the volume equally, that is, for any length, there is an equal number of measurements in the upper and lower half, and the same

rule applies to the left and the right half. Furthermore, both long and short measurements are on the outside of the evaluated

volume, where cone beam artefacts can be expected to be more prominent.

The simulated system has a microfocus tube where geometrical influence of the focal spot is assumed to be much smaller than the

pixel size; that is, it has little influence on the evaluated values. The detector is set up with 0.139mm pitch of the pixels (centre

to centre) and other features like unsharpness and efficiency measured with a Varian PaxScan 2530HE with CsI scintilator. For

all experiments, 190kV are simulated, which is a high voltage for this gauge, which guarantees penetration of all spheres in any

orientation. All scans consist of 1440 projections with known geometries. Therefore, any measurement error can be reduced

to either noise, cone beam artefacts, beam hardening, sampling, influences of the reconstruction, influences of the measurement

software, or a combination of those potential influences. However, beam hardening can be expected to influence all spheres

with the same diameter equally, and also the smaller spheres are much larger than the the voxel size in the experiments, so this

can be expected to be no issue. Noise itself influences all measurements equally, and is adressed by the relative high number

of projections. Influences of the reconstruction and the measurement software can also be assumed to be unbiased towards all

scans, which reduces the possible influences to cone beam artefacts and voxel sizes.

The results are analysed using visual interpretation (that is, by providing scatter plots of the errors) as well as with statistical

standard procedures. For this, the linear “gain” of the error is calculated, that is, how much the error increases with the measure-

ment length. This is called the normalized error, because it is calculated by dividing the difference between the actual, measured
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sphere distance and the nominal distance by the nominal distance:

εi = SDi,measured −SDi,nominal , (1)

εi,normalized =

εi

SDi,nominal

, (2)

where εi is the i-th sphere distance error. The tests are set up to decide whether one sphere size used in the test is better than

another, meaning that this linear gain is lower than for another size. This is performed using different FDDs and FODs with

combinations which are realistic for CT systems, hence provides a high generalization.

The statistical analysis consists of two parts. First, a 95% confidence interval is provided for each normalized error. This is useful

to decide both the quality of the error as well as to see whether the sample sizes are large enough. The second is a statistical

significance test which is applied to decide whether one sphere size outperforms the other, meaning that the error gain is lower

than the other. Note that this measure does not provide an interpretation of the noise; for this, the standard deviations of the

sphere distance measures are provided for all experiments.

The statistical test used in the experiments is a Mann-Whitney U test [15]. This is a standard non-parametric test and, other

than the confidence intervals of the normalized SD errors, does not assume a Gaussian distribution of the errors. This secondary

analysis is given here, because the data might not be similar enough to a Gaussian distribution to simply analyse whether the

confidence intervals overlap.

3 Experiments

Figure 3: Sphere distances at magnification 4.8. By setting up different FDD/FOD combinations, the cone beam artefacts can be

studied. Ordered by sphere diameter.

Table 1: Measured sphere distance errors at magnification 4.8, statistical interpretation over all lengths. The diameter is the

diameter of the spheres. All values are estimated from the data sets.

Diameter Minimum [µm] Mean [µm] Maximum [µm] Median [µm] Standard deviation [µm]

1mm -0.4510 0.2884 1.0270 0.2595 0.2508

2mm -2.0260 0.2288 1.5420 0.1245 0.5630

4mm -1.4390 1.0034 4.0280 0.8170 1.0666

The experiments consist of a total of 60 simulated CT scans. The gauge has an edge length of 20mm, while the sphere centres

are vertically and horizontally at most 16mm apart. The diameter of the spheres is one millimetre, two millimetre, and four
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Figure 4: Sphere distances at a magnification of 6.4. The error of the larger spheres is reduced in comparison to the magnifica-

tion 4.8 in Figure 3, but still prominent. The measurement with a one millimetre sphere at FOD 100mm, FDD 640mm seems to

be an outlier. However, is is included in the evaluation.

Table 2: Measured sphere distance errors at magnification 6.4, statistical interpretation over all lengths. The diameter is the

diameter of the spheres. All values are estimated from the data sets.

Diameter Minimum [µm] Mean [µm] Maximum [µm] Median [µm] Standard deviation [µm]

1mm -1.2520 0.0573 0.5970 0.0640 0.2764

2mm -0.3080 0.3461 1.2390 0.3415 0.3099

4mm -0.9090 0.8511 3.1640 0.7290 0.8229

millimetre, respectively, and the magnifications are 4.8, 6.4, 8, and 9.6. Also, the focus detector distances (FDDs) change, that is,

we use 480mm, 640mm, 800mm, 960mm, and 1120mm. The focus object distance (FOD) is changed accordingly to archive the

desired magnification, and the voxel size is always 0.139
M

mm, where M =
FDD
FOD

is the magnification. Therefore, the largest voxel

size is 0.139
4.8

mm ≈ 0.0290mm, that is, the smallest sphere has a volume of approximately 21561.449 voxels, which is enough to

provide a good estimation of the centre.

In total, the addressed influences can be distinguished as desired for our experiments: a change of the FDD while keeping the

magnification constant changes the cone beam artefacts. By reducing the magnification and keeping the FDD constant, the

influence of the cone beam artefacts can be evaluated. The change of the sphere sizes also shows the cone beam artefacts,

however this is also influenced by the beam hardening. To avoid latter, the photon energy is set considerably high at 190kV. This

also reduces the contrast, but in all experiments, the spheres are easy to distinguish from the plate and the background.

3.1 Variation of the Voxel Sizes

In Figure 3, the sphere distances as defined in Equation (1) are shown in a scatter plot with a magnification of 4.8; the voxel size is

about 28.958µm. In this representation, the difference of measured and nominal distance is plotted against the nominal distance.

Because sphere distances are evaluated only, the spheres are “averaged out” in the meaning that the centre is a calculated mean

from several points from the calculated surface, hence noise tolerant; however, the mean is not outlier tolerant. To address this

issue, the high number of projections are used, hence there is a high probability that no outlier influence the measurements.

The magnification is the lowest one analysed here, but it is a practical size for metrology applications. In this simulated system,

objects up to about 73.66mm (measured diagonally in an assumed cubic box) can be scanned. For a microfocus system as

discussed here, this is a rather medium magnification, as the focal spot size usually is a small fraction of this voxel size. On the

other hand, for the gauge, this is a fairly low magnification, because the longest nominal measure is about 22.63mm, which is
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Figure 5: Magnification 8. This is a typical magnification for microfocus systems. The sphere distance error is still prominent,

even more when using larger spheres.

Table 3: Measured sphere distance errors at magnification 8.0, statistical interpretation over all lengths. The diameter is the

diameter of the spheres. All values are estimated from the data sets.

Diameter Minimum [µm] Mean [µm] Maximum [µm] Median [µm] Standard deviation [µm]

1mm -0.2460 0.1517 0.5140 0.1440 0.1642

2mm -0.1360 0.2668 0.8940 0.2485 0.2306

4mm -0.8580 0.7233 2.6770 0.6410 0.6991

less than a third of the potential measurement volume. This is why no lower magnification is chosen in these experiments.

In Table 1, several statistics about the evaluation are summarized. Those are minimum, mean, and maximum, and additionally

median and standard deviation. For all sphere diameters, the mean is larger than 0. Especially, in the case with a four millimetre

diameter sphere, the mean error is about 1µm and almost as large as with the maximum SD error with a one millimetre sphere.

Furthermore, the standard deviation also increases with the diameter. In summary, for the magnification 4.8, the gauge with one

millimetre sphere provides the lowest extreme errors, that is minimum and maximum SD error. In the mean, the sphere with two

millimetre provides the lowest deviation.

In Figure 4, the scatter plot for the magnification 6.4 is shown, and accordingly, the statistics are noted in Table 2. Hence, the

magnification is increased of about a third in comparison to the experiment in Figure 3 and Table 1, therefore the voxel size has

shrunken. The effective volume has shrunken by the same amount to about 55.243mm diagonally, and the voxel size is about

21.72µm.

One outlier in the measurements seems to have been occurred, that is with one millimetre spheres and FOD 100mm, FDD 640mm.

As a result, the standard deviation of the one millimetre has increased if compared to the case with the lower magnification,

while for the other two diameters, the standard deviation has decreased. However, the order is still the same, that is, the lowest

deviations occur with smaller sphere sizes. Because the outlier is towards negative evaluation, the mean is the closest to 0 in

all experiments, while it is still positive. It is included because the median, which is more robust than the mean, is still close to

the latter statistic, hence the skewness is not modified dramatically. Furthermore, the occurrence of outliers even in simulations

might indicate some instability with the procedure of measuring SD values, so this can be an important information.

In this experiment, the mean error was below one micrometre for the first time for all the sphere diameters in the order of

increasing magnification. This is important, because usual system qualifications with sphere distances is in the same order of

magnitude. The implications of the calibrations are discussed below.

In Figure 5 and Table 3 respectively, the sphere distances resulting from a magnification of 8 are displayed. The voxel size is
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Figure 6: Sphere distances at magnification 9.6. This is the highest magnification in these experiments, and exactly twice the

lowest magnification.

Table 4: Measured sphere distance errors at magnification 9.6, statistical interpretation over all lengths. The diameter is the

diameter of the spheres. All values are estimated from the data sets.

Diameter Minimum [µm] Mean [µm] Maximum [µm] Median [µm] Standard deviation [µm]

1mm -0.4710 0.1068 0.4500 0.0925 0.1374

2mm -0.2810 0.2150 0.7970 0.2040 0.2133

4mm -0.8830 0.6001 2.2710 0.5200 0.5913

Table 5: Normalized errors in [µm/mm], computed as in Equation 2. The confidence interval is estimated using the t-distribution,

that is, with unknown (estimated) standard deviation, and provided with α = 0.05, that is, a 95% confidence interval is used. The

normalization is performed by dividing the error in micrometre by the nominal distance in millimetre, see Figure 7.

FDD Normalized error 1mm sphere Normalized error 2mm sphere Normalized error 4mm sphere

480mm 0.0357 (0.0253, 0.0460) 0.0412 (0.0309, 0.0516) 0.1404 (0.0945, 0.1863)

640mm 0.0164 (0.0117, 0.0211) 0.0342 (0.0300, 0.0383) 0.1016 (0.0859, 0.1173)

800mm 0.0165 (0.0136, 0.0194) 0.0301 (0.0272, 0.0330) 0.0944 (0.0805, 0.1082)

960mm 0.0143 (0.0114, 0.0172) 0.0280 (0.0251, 0.0309) 0.0872 (0.0737, 0.1007)

1120mm 0.0154 (0.0121, 0.0186) 0.0230 (0.0197, 0.0263) 0.0772 (0.0615, 0.0929)

Table 6: Significance tests: two-sided Mann-Whitney U test. The normalized errors for each sphere diameter is tested with a

significance level of 0.05. The rounded p-values are also denoted. The corresponding mean normalized errors can be seen in

Table 5. The test is rejected if the p-value is above the significance level; that means, it is rejected that the difference in the

normalized errors is large.

FDD 1mm vs. 2mm 1mm vs. 4mm 2mm vs. 4mm

480mm not significant (p = 0.89378) significant (p = 0.00000) significant (p = 0.00006)

640mm significant (p = 0.00000) significant (p = 0.00000) significant (p = 0.00000)

800mm significant (p = 0.00000) significant (p = 0.00000) significant (p = 0.00000)

960mm significant (p = 0.00000) significant (p = 0.00000) significant (p = 0.00000)

1120mm significant (p = 0.00367) significant (p = 0.00000) significant (p = 0.00000)
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Figure 7: Deviation of the measurements with respect to different FDD measurements, normalized by the nominal lengths,

see (2). Those error bars are calculated by normalization for the nominal distance.

about 17.375µm, and the usable volume is about 44.19mm. In this case, no visible outlier has occurred. This is important in

order to to identify the outlier as such, because with this, neither the lower nor higher magnification show a similar picture. It is

an intermediate measurement between all the sizes and shown for continuity.

The SD errors for the largest magnification in the experiments are shown in Figure 6, and the corresponding statistics are listed in

Table 4. According to the pixel size and the magnification, the voxel size has shrunken to 14.48µm and the effective volume size

to 36.83mm. The magnification is 9.6 and exactly twice the lowest magnification. The median error for the one millimetre sphere

is less than 100nm, while with the lowest magnification, this error is about 2.8 times as much, so it decreased overproportionally.

With the largest sphere, the ratio between the median errors is about 1.6, so the overproportional shrinkage is not a rule of thumb.

The SD error has decreased, but is still almost twice as large as the SD error with one millimetre spheres (in median) and a

magnification of 4.8.

In total, the errors vary with the magnifications. The best results, that are those measurements with the lowest error, can be

observed with small spheres and large magnifications. This influence does not scale with the magnification, therefore it is hard

to predict. Still, it seems to be continuous and monotone.
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3.2 Analysis of the Sphere Distance Measurement Noise

As a second interpretation, error bars for the normalized measurement errors, see Equation 2, are presented in Figure 7. In this

plot, a system with fixed FDD can be assumed, which are usual configurations for CT systems used for dimensional measurement.

The magnification, utilization of the test volume and therefore cone beam artefacts and voxel sizes are set up by different FODs.

In those representations, the difference between the FDDs is not visually recognizable. The difference between sphere sizes, on

the other hand, is very prominent. This analysis is shown for a closer look on the difference between projection geometry and

object induced cone beam artefacts. If the geometrical induced cone beam artefacts that is, the distance from the centre plane,

would be more severe, the noise would be higher. Therefore, this analysis shows that the object induced measurement errors

(which can be biases, not only uncertainties) have a larger influence on the dimensional measurement.

In a detailed analysis, the confidence intervals for the estimated normalized mean error (in micrometre per millimetre, see

Figure 7) are shown in Table 5. This statistic keeps almost constant for the one millimetre sphere and from 640mm to 1120mm

FDD, while it scales for both the two and four millimetre spheres. In total, the rule of thumb is, the lower the focus detector

distance, the larger the influence. The outlier which was discussed above is at 480mm and a 1mm sphere, which has a strong

influence on the measurements.

Furthermore, a statistical significance test is applied to measure if the the difference between the populations (that is, the normal-

ized errors for the different FDDs) is significant. All tests show that it is significant to use a smaller sphere with one exception,

that is with a low FDD, the improvement of using one millimetre spheres against two millimetre spheres is not significant.

4 Conclusions

The simulations of the ideal systems has the advantage that the expected error is known and 0. That is, any error measured here

can be a result of the measurement procedure only, independent of the system, which is perfect by default. Furthermore, the

experiments can include different gauges with a very high precision.

The measurement procedure consists of the used gauge, the used geometry, the reconstruction, and the measurement software.

The latter two are fixed for all experiments; the same is true for the X-ray parameters. Therefore, the interpretation can be reduced

to the gauges, the voxel sizes, and the cone beam artefacts.

The gauges provide a huge influence in the measurement. The largest spheres provide about 3.48 times higher mean errors than

the smallest one with magnification 4.8, and about 5.68 times higher with a magnification of 9.6. The reason can be assumed

a combination of beam hardening and cone beam artefacts. However, Dewulf et. al. [7] were unable to show whether a beam

hardening correction should be applied or not, hence in this work, no correction was applied.

The voxel sizes are modified with the different magnifications. The experiments show that with lower voxel sizes, the error

decreases, too, but has less influence than the sizes of the gauge. In fact, in the experiments, the smallest spheres in the most

problematic set-up (FDD of 480mm, FOD of 100mm) provide a lower maximum error than the average of the largest spheres

with the highest magnification. Hence, according to these experiments, the cone beam artefacts have a larger influence than the

voxel size, which has also to be considered for designs of gauges.

Further, to analyse whether the opening angle or the material induced cone beam artefacts have the more severe influence, the

statistical analysis with fixed FDD has been performed. The error bars can be seen in Figure 7. Between the different FDDs,

the error seem virtually indistinguishable, while the difference between the sphere sizes is huge. Therefore, the influence of the

gauge induced cone beam artefacts are more important, according to this analysis. The significance tests show that this influence

is very important: with one exception, the spheres were distinguishable in all settings, see Table 6. For this analysis, a two-sided

test is performed; but using the mean in Table 5 and assuming that a lower error is better, using a smaller sphere is recommended.

The one millimetre sphere gauge and the two millimetre sphere gauge outperform the four millimetre sphere gauge in all cases

significantly, and the one millimetre sphere gauge outperforms the two millimetre sphere gauge except for one test case. This

case is where the outlier is assumed, and the one millimetre sphere gauge still outperforms the one with two millimetre (that is,

the mean normalized error is lower), but not significantly.

4.1 Relevant Implications for the System Calibration

Sphere distances are a relevant measure for the calibration of CT systems which are used for dimensional measurement. It is a

common procedure to use calibrated objects for the system adjustments [13, 16]. However, anideal system has been used, but the

measurement errors are larger than 0, that is both relevant (because close to the dimensions where CT systems for metrology are

classified) and biased. Furthermore, there is a difference between the three gauges.

This comparison of the gauges is most similar to the praxis. If one uses the gauge to calibrate the system and then applies this

correction to a scan of their real part, they would assume that a potential length measurement is unbiased. In our case, the system

could be calibrated for smaller spheres and this would not sufficient to measure the larger spheres correctly, or calibrate for the

larger spheres and overcompensate for the smaller ones. Therefore, the results show that the calibration is not sufficient, and that

the measured length of real parts depends heavily on the cone beam artefacts of the very object.

In praxis, since spheres are relatively close to the potential cones that the cone beam would create in the object, it is most likely

that true measurement errors are undercompensated. Still, for a virtually unbiased estimation, it would be advisable to use small
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spheres for the calibration, because the error to the real system measures is the least, and ideally perform simulations on the

object of interest to calculate its own influence on the measurement length for a correction.

5 Discussion and Outlook

In this paper, simulations are used to qualify a measurement process, starting from a perfect system. Therefore, this is a best case

scenario. The study of this case helps to understand natural limits which has been, in this case, the calibration of the CT system.

This process has been mirrored from the natural case, where the system is, in the first instance, unknown, and measurement

procedures are applied in order to calibrate the system. However, measurement procedures have influences on their own, and the

study of those influences help to control them.

One question which arises is why manufacturers are able to provide single digit micrometres of maximum permissible errors

(MPE), when the error itself is in the same dimension. The measurement of the SD values for the MPE evaluation is performed

with calibrated systems. For that, very similar gauges are used as the evaluation is performed, hence the errors are also very

similar. The system qualification potentially measures the repeatability of the system, but not the absolute errors for arbitrary

objects.

For this task, the gauge calibration still is useful, because it is simple to perform simulations and therefore consider the estimated

errors in the system calibration. Other simulations for the object can be used for calculating the errors of the very object, and

then correct measurement lengths with those artefacts. Those calibrated measurements provide the best representation of the true

lengths of the very object. Note that this would not be an uncertainty measurement using simulations, but the removal of a true

bias of dimensional measurements using cone beam X-ray CT.

However, cone beam artefacts are only one of several influences. Beam hardening [7] and ring artefacts [17, 18] are already in

discussion for their influence on dimensional measurement. Scattering [19, 20] is mostly a problem when scans are performed

with low magnification, because the object then is positioned close to the detector; but the scattering of mechanical parts of

the CT system might also have significant influences on the accuracy. Any other artefact might also have influence on the

measurement results. Simulations might not only help us to understand the uncertainty of the system, but also to identify whether

the measurement error is biased, how large the bias is (and therefore whether the error can be corrected), or if it increases the

uncertainty [3, 4] only. Manufacturers are well advised to create systems to address those issues and discuss the influences

openly, as this helps gaining trust and acceptance of the customers, and also to establish tests to evaluate countermeasures.
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