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Abstract 
The qualification of computed tomography (CT) systems is an important task for the comparability thereof. For customers, it is 
helpful to be able to compare the systems with simple measures, because then they can qualify different offerings. But because 
of this very fact, manufacturers may try to hide imperfections of their machines and show their strengths, regardless if those 
may influence the results of their customers. To address this issue, test objects (gauges) are used for the qualification. 
However, those qualifications are useful for the customer only if they show at least a general, unbiased perspective on the 
systems. Furthermore, it is helpful if tools used for the qualification are easy to produce and calibrate, because this increases 
the acceptability from all sides. In this work we discuss the orientation of a gauge, which consists of a plate with several 
spherical markers on it, considering the symmetry of rotational scan geometry. In order to measure misalignments, the 
orientation of the plate can have severe influence on the results. The goal is to provide descriptions on how the phantom is to 
be measured to increase the sensitivity to misalignments as well as provide a comparability of CT system manufacturers. 

Metrology, Computed Tomography, Dimensional Measurement, Reference Standard 

1  Introduction 
In the recent past, industrial CT system manufacturers have started to qualify their products for metrology [1, 2], that is, the 
dimensional measurement. Customers who are interested in the acquisition of a CT system with this qualification may want to 
compare the machines, so they can decide which manufacturer offers the best product for the specific task. Hence, simple 
qualification methods are handy for both customers and manufacturers who want to demonstrate their systems. 
A simple measure is to scan objects with known properties and analyse if those are reproducible in the tomogram. Those 
procedures for comparison can be used for metrology, and generally as a procedure to qualify the CT systems individually. In 
metrology, it is especially useful, because the measures are well defined in different standards [3, 4]. The gauges have to fulfil 
the requirements to acquire these “measureands” [5]. 
One of those measureands is the sphere distance (SD). It can be used to compare machine misalignments and manufacturer’s 
countermeasures. Gauges for this task usually consist of spherical markers on a substrate, or negatives of such, that is spherical 
holes in an object [4, 6]. In the evaluation process, the distance between the centres of the spheres in the tomogram is 
measured. Afterwards, this distance is compared to reference values [5], for example, the distance measured with a tactile 
coordinate measurement system (CMM). System misalignments can have influence on the reconstruction, meaning that the 
distance measured in the tomogram is different from the reference value. It is notable that identifying the specific misalignment 
that has been occurred is not necessary for this task, because different sets of misalignments may result in the same 
transformations in the tomogram. 
However, there also may be certain misalignments which are not measureable if the gauge is oriented in a certain way, 
meaning that their influence is maybe below a detection limit, or do not have influence on the measurand. This has to be 
avoided unless proven to have not influence on any scan at all, since the goal is to find a measure to compare different 
industrial CT systems, and the costumer may decide afterwards. Hence, the orientations of the gauge have to be pre-set in order 
to measure the influence of misalignments. On the other hand, exhaustive scanning with a lot of different orientations may not 
be feasible, because of the time one scan may take, so we want to identify orientations which are sensitive to as many 
misalignments as possible, as a trade-off between costumer and manufacturer.  
In this paper, we focus on the measuring of several rather common misalignments, using the sphere distance, with different 
gauge orientations. Even though we mostly rely on simulations because there we know which kind of misalignments are in the 
system, we focus on a gauge which is easy to produce, meaning that the test can be applied in praxis very easily. It differs from 
other studies [6, 7] that we focus on the object itself and analyse what is measurable with the orientation, rather than discussing 
a single object and orientation, and then study the influences of the misalignments. In addition, we also discuss a new gauge 
which we find to be a promising prototype for further studies. 

2  Materials and Methods  
The gauge we propose is a plate with fixed markers on its surface, similar to other objects like, for example, in [2, 6, 8]. In 
order to identify a lot of different misalignments, the spheres are positioned in the corners of the plate and in the middle, 
respectively. With this gauge, we can measure distances in a plane orthogonally and diagonally. With a second layer, we could 
also measure in the third dimension; however, this would be more problematic to calibrate using tactile CMMs, because they 
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rely on a physical probe. Furthermore, it may be redundant information, because we discuss rotatory trajectories, which means 
we measure the object in different directions anyway, depending on the very trajectory and gauge orientation. 
 

      
(a) Example of the gauge                                                             (b) Projection 

Figure 1: Example of the gauge (a). In the experiments, we use for the experiments a simulation, but the gauge is simple to manufacture. This 
specific example has a length of 20 mm, where the spheres form a square of 16 mm nominal edge length. The substrate consists of boron 
nitrite, the spheres are ruby. As can be seen in (b), the substrate absorbs much less X-rays than the markers (projection of the gauge with 
60 kV, not simulated). 

For the CT, it may be necessary that the substrate absorbs much less X-rays than the marker in order to identify the spherical 
marker in all projections [9, 10]. Possible materials are carbon fibre plates or boron nitrite (BN) for the substrate and ruby or 
ceramic for the markers. The substrates are relatively light yet sturdy materials, and they produce little contrast. Ruby is a hard 
material used for CMMs, consisting mostly of aluminium, which absorbs more X-rays than the substrate, see Figure 1. 
Ceramic has similar properties, and a specific version can be chosen according to availability and, maybe, the specific X-ray 
system. Because of these chosen materials, and because of the simple design, the gauge is easy to manufacture and to calibrate. 
In Figure 1, an example of the gauge can be seen in a simulation.  
For the simulation, we use BAM aRTist, and for the measurement, we use VolumeGraphics VG Studio MAX. For the 
reconstruction, Siemens CERA is used. All of those are standard packages; hence the study will be reproducible. The four 
orientations for the gauge we test are a vertical alignment, that is, in one projection, the view is straight on the plane as in 
Figure 1, and the CT axis passes the three vertical aligned, centred spheres; horizontally aligned, that is, rotated by 90 degrees 
around the three horizontal spheres in middle height in the same figure; tilted (rotated by 45 degrees); and off centred, that is, 
parallel to the vertical orientation, but with an offset to the CT axis. 
We target in the following different misalignments of the CT system by rotating and shifting the object, the source, and the 
detector, respectively. Hence, we analyse typical misalignments which occur in industrial CT systems. Then we reconstruct the 
scan without the information of the actual misalignment, but by using the automatic correction of CERA [11]. Because this is 
an online procedure which relies on the scan data only, we exclude the countermeasures of the manufacturer. We have to 
include this procedure to reduce the influence of artefacts, like doubled edges. Afterwards, we evaluate the SD to find out 
whether the specific misalignment is measureable. 
The procedure in VG Studio is as follows. First, the surface is extracted from the volume reconstructed with CERA using the 
internal tools. Then, each sphere position is estimated by fitting one to the surface. The position of a sphere is defined as its 
centre. The SD finally is the distance between two spheres. As can be seen in Figure 1, we can measure various distances 
within the gauge. The most important ones are three “vertical” and three “horizontal” ones, so distances between the corner 
spheres and in parallel to those lines through the middle sphere, and the diagonal ones. Hence, we measure a basis in the plane, 
with redundant measures to consider and possibly measurement errors resulting from the cone beam scan geometry. As follows 
from the geometry, those values are correct if and only if the reconstruction preserves the dimensions. 
The distances are shown in Figure 2. They are chosen to measure both the overall distortion as well as very fine influences 
which occur only locally. Later images are referenced to the set-lengths; because the spheres are positioned in a quadratic grid, 
the orientation can be deduced. Hence, we can see whether the distortion is either influencing the magnification (all directions 
are equally afflicted) or the geometry (directions differ). 
Most orientations we discuss have a rotation axis through the centre sphere; hence the two diagonals include the same 
information. This is not true for the other distances. Say if a misalignment results in an increase of the topmost, horizontal SD, 
no change at the centre one and shrinkage at the bottom level (so the average magnification is the same), then the three lines 
which follow the vertical axis are not parallel in the tomogram. This transformation might occur if the detector is rotated 
around the horizontal axis, and the gauge is vertically aligned as seen in Figure 1. A rotation of the detector around the vertical 
axis may cause an asymmetrical transformation in the inner and outer parts of the gauge. Other transformations may be 
covered by the correction of CERA, or may result in different, nonlinear transformations in the tomogram which than can be 
measured in the respecting distances. 
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With the possible measurement directions and certain redundancies, we believe this is a suitable gauge for the qualification, 
and even though it is planar, if we consider the orientation in the scan, we can use this for measurement of different system 
misalignments. 

 
Figure 2: Sphere distances evaluated in this study: corner to corner and edge to edge (topmost images), half-lengths (centre images), and 
quarter-length (lowest images). The SD measures are selected in order to measure the whole plane as well as smaller structures. While the 
largest lengths show a more general distortion (if present), the smaller ones show a more refined picture. The directions, vertically, 
horizontally, and diagonally, are chosen to provide an unbiased overview of the influences. 

The correction method was configured to correct the most important misalignments, meaning the offset from the centre of the 
detector in both directions, the rotations of the object, and the rotations of the detector. The search distance was larger than the 
tested misalignments and applied on all experiments. Hence, the influence of all scans can be assumed to be similar; but there 
is no guarantee that this correction method always finds the actual geometry. On the other hand, if we do not include such a 
correction method, the misalignments which are easy to correct in software, for example, the horizontal offset of the detector, 
would still have a severe influence on the scan. Therefore, we include this software to reduce the influences of misalignments 
to practically relevant ones. Because the correction did not falsely find any misalignments in the ideal geometry see Figure 3, 
we can claim that any erroneous geometry correction is resulted from the misalignment of the system; hence the statement that 
it has influence stays correct, which is what we study in this work. Of course, because this is a possibility which we cannot 
exclude, a more diligent manual adjustment of the system is preferable over a software solution. 

3  Experiments and Discussion 
In total, 31 different misalignments are simulated. Each scan has 1440 projections and the same X-ray parameters. The scans 
are performed with 800 mm distance between the source and the detector, and with a magnification of 8, except for the 
simulated errors which influence these parameters. We limited the experiments to “basic” level; that is, in each, one element of 
the CT system (source, detector, and object) is translated along one axis or rotated around it only. In real systems, a 
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combination of all of those possible misalignments occurs almost surely, but the tested misalignments form a basis of this 
parameter space. The tests are set up to detect whether a certain orientation of the gauge is more sensitive to misalignments 
than others, hence more reliable; the most sensitive orientation is then analysed, regarding those experiments where it 
underperforms. With this, we discuss whether it is necessary to add another orientation to get a full geometrical qualification of 
the system. Note that we want to qualify systems only, so the analysis does not necessaril y provide methods for correction or 
calibration of them. 
 

Index Component Misalignment  Amount Index Component Misalignment  Amount 

1 Detector Translation 桁 0.5mm 17 Source Translation 傑 -0.5mm 
2 Object Translation 隙 0.005mm 18 Detector Rotation 隙 0.1° 
3 Object Translation 隙 0.05mm 19 Detector Rotation 桁 0.01° 
4 Object Translation 隙 0.5mm 20 Detector Rotation 桁 0.1° 
5 Object Translation 傑 0.005mm 21 Detector Rotation 桁 0.001° 
6 Object Translation 傑 0.05mm 22 Detector Rotation 桁 1° 
7 Object Translation 傑 0.5mm 23 Object Rotation 隙 0.001° 
8 Object Translation 傑 -0.005mm 24 Object Rotation 隙 0.01° 
9 Object Translation 傑 -0.05mm 25 Object Rotation 隙 0.1° 
10 Object Translation 傑 -0.5mm 26 Object Rotation 隙 -0.001° 
11 Source Translation 隙 0.5mm 27 Object Rotation 隙 -0.01° 
12 Source Translation 桁 0.5mm 28 Object Rotation 隙 -0.1° 
13 Source Translation 傑 0.005mm 29 Object Rotation 傑 0.001° 
14 Source Translation 傑 0.05mm 30 Object Rotation 傑 0.01° 
15 Source Translation 傑 0.5mm 31 Object Rotation 傑 0.1° 
16 Source Translation 傑 -0.005mm     

Table 1: Simulated misalignments. The X-ray system consists of the source, the detector, and the object, that is, the gauge. The 隙-axis is the 
axis orthogonal to both, the central beam of the X-ray source to the detector, and the CT axis, the 桁-axis is the direction of the CT axis, and 
the 傑-axis is the central beam. The direction of the 傑-axis is from the source to the detector. A translation is always along the denoted axis, a 
rotation is around it in positive direction. Also, the CT scans are performed in a positive direction. 

 
Figure 3: Error of the sphere distance measurement without any misalignment. The error is defined as the difference between the actual 
distance of two spheres, and the set distance. Due to X-ray influences, material effects, and the discretization of the detector, the error is 
larger than zero in all cases; the alignment of CERA did not alter the ideal, pre-set geometry parameters in this case. The different orientation 
of the gauge has no significant influence in this case. Each group with the same length corresponds to one image in Figure 2; for example, 
the smallest distances are furthest left in this plot, and in the bottom left corner in Figure 2, the largest ones on the right of this plot in the top 
right in Figure 2. 

The coordinate system is as follows. The origin is the focal spot. The magnification axis is the 傑 axis; the detector is located at 
+800 mm. The CT axis is the 桁-axis and is orthogonal to the 傑-axis, and, in the ideal system, aligned with the detector. The 隙-
axis is orthogonal to both. We rotation direction is in positive direction, for both the misalignments we test as well as the CT 
rotation. A graph of the coordinate system can be seen in Figure 4. 
A complete list of the simulated misalignments can be seen in Table 1. The misalignment is either a translation or a rotation. 
Only the object and the detector are rotated, because the source is invariant to that distortion; we also reduced the equivalent 
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misalignments, say, a rotation around the central beam (傑-axis) of the object is equivalent to a rotation of the detector around 
the same axis in the opposite direction. The misalignments reach from easily detectable to close to zero in logarithmic scales 
and therefore give an overview over their respective influences. 

 
Figure 4: Description of the used coordinate system. The source is at the origin 岫ど, ど, ど岻. The detector is located at 岫ど, ど, 8どど岻 in the ideal 
system. The object is at  岫ど, ど, などど岻, hence we have a magnification of 8. 

 
Figure 5: Relative sensitivity of each orientation to the mean response of all different orientation. For the corresponding experiments, see 
Table 1. If there is no difference in the sensitivity between the gauge orientations, all are 100%. On the left side, the mean difference of all 
measured SD values is used as a feature to determine the sensitivity, on the right side, the largest difference to the calibration is used. The SD 
values in Figure 3 are used for this calibration. 

In addition, we simulated a perfect system, that is, a system with no misalignment at all. Because the measurements are 
affected with the influence of the material, we do not measure the perfect lengths in these experiments; we use those to 
calibrate all the measurements to estimate the sensitivity of the orientation. We normalize this sensitivity to the average of all 
orientations in order to give relative results which we call “relative sensitivity”. 
In detail, let � be the gauge orientation, 膏 the experiment’s misalignment, ���,鎚勅痛 be the �th sphere distance in the set values, ���,�頂痛通��岫�, 膏岻 be the corresponding measurement with the given orientation. Then the measurand �岫�; �, 膏岻 and the relative 
sensitivity  �岫�, 膏岻 are defined as 

 �岫�; �, 膏岻 = ���,鎚勅痛 − ���,�頂痛通��岫�, 膏岻                                                                  (1) 
 航岫�; 膏岻 = 航�岫|�岫�; �, 膏岻|), 

 

 �岫�, 膏岻% = 航� 岾|鳥岫�; �,碇岻|禎岫�;碇岻 峇 ⋅ などど%,                                                                      (2) 

  
where 航� denotes the mean influence over the orientations,  航� the mean over the index �. The ground truth, that is, 
measurements of the SD with the absence of any misalignments, can be seen in Figure 3. All experiments are analysed as the 
difference between the new error values (the difference between the measured distances and the set values) and those in the 
perfectly aligned system. As those are not zero, we recommend using simulations also for practical solutions, and comparing 
the results from manufacturers to them. Other means of corrections will be influenced by the scan reconstruction parameters, 
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as geometry errors are excluded here. Because this might depend on the X-ray parameters themselves, those methods have to 
be chosen carefully in a survey, as they might not be generally applicable.  

 
Figure 6: Difference in SD measurements in the plate with a rotated detector, calibrated to the perfect system in Figure 3. The influence of 
this misalignment is barely measureable for misalignments up to 0.1°. Above that amount of rotation, the horizontal, the vertical and the 
tilted alignments are influenced significantly, while the off-centred, vertical orientation is not. 

An overview of the response of all the orientations can be seen in Figure 5. There, the relative sensitivity is provided. Because 
there is no existing “default” orientation, we use the mean of all the different gauge orientations as a reference. Therefore, if 
one orientation is more sensitive than the others, the others drop below the 100% mark. Two statistics are given, the mean 
distance to the calibrated values, and the maximum length distortion. In comparison, they show how different the 
misalignments influence the lengths measured in the gauge. If they are similar, the influence spreads along all directions 
equally; this is the case for errors which afflict the magnification. Otherwise, there are directions which are inflicted more than 
others. Especially rotatory misalignments provide this effect. 
Because a “real” system has a combination of all the different misalignments almost surely, the mean of all those values is a 
measure how much the true misalignments affect the SD values differently. Therefore, this provides a possibility to decide 
which orientation to use for a gauge. In this interpretation, the vertical orientation of the gauge provides the highest sensitivity; 
the horizontal alignment provides the least one. If the gauge is orientated in an angle, the measurement is more sensitive to 
misalignments of the system then using a horizontal orientation, but about average. The vertical, off-centred placement is about 
equal to the tilted version in the mean difference measures. 
Even though the vertical alignment is superior to the other orientations, there are several misalignments where it is 
significantly outperformed. As can be seen in Figure 5 and Table 1 respectively, this is especially true for a translation of the 
object in X direction by an amount of 0.05 mm (index 3), next to rotations of the detector around the Y-axis, which is the 
parallel axis to the CT axis (indices 21 and 22). Regarding the translation of the X-axis, we also performed experiments with a 
lesser and higher offset, where this behaviour is less significant. 
Especially, the vertical alignment is the most sensitive if we consider the largest difference to the ground truth only and a shift 
of 0.5 mm (index 4), and the second most sensitive in mean; furthermore, with a translation of 0.005 mm (index 5) and the 
mean difference to the calibration, it is the most sensitive. This might indicate that this observation can be a problem with the 
online calibration we used to avoid doubled edges. 
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Regarding the rotations, we can see that the maximum length is distorted in the vertical gauge orientation similar to the 
horizontal one, hence it is still very sensitive to this misalignment, but not all length are afflicted equally. For this analysis, see 
Figure 6. 

 
Figure 7: Influence of the misalignment. Depictured is the mean offset in micrometre in the error of the SD measurement per offset in 
millimetre, or degree, respectively. Some misalignments have larger influence than others. In most misalignments which have a large 
influence, all orientations are sensitive. The largest differences can be observed when the object is horizontally tilted. 

A general overview over the observed influence of the misalignments on the SD measurements can be seen in Figure 7. Note 
that the experiments are not set up to show the direct relationship between an arbitrary misalignment and this measurement, 
with some exceptions like in Figure 5, but to discuss the gauge alignment. For the former task, much more measurements in 
the specific misalignments are necessary to provide a sufficient basis. The measurements are set up to show a huge variety of 
different misalignments, in order to provide a qualitative overview of possible influences. Nevertheless, it is interesting 
whether a certain misalignment has much influence; therefore, we also include this diagram. 
According to those observations, especially translations along the magnification axis have a huge influence on the SD. Because 
this also scales the tomogram and is not easy to correct using projections only, this is an obvious result. Additionally, the 
rotation of the detector around the Y-axis (parallel to the CT axis) has a major influence on the measurements, as well as the 
tilting of the object. In no case, one alignment helps to detect the misalignment where the others do not. However, the 
sensitivity can be quite different. In this regard, the vertical alignment shows the best results. 
According to our results, a vertical orientation of the gauge is sufficient for the task. It is the most sensitive orientation in 
general. The reason can be the space where the object is observed in the scan, deriving from the reconstruction [8]. Because we 
rotate the object, we observe the gauge in a cylindrical space. Aligned horizontally, this cylinder is very flat; in the simulation 
and without any influencing misalignments, the pitch is zero, hence it is the same plane that is formed by the markers. Tilted 
forms a cylinder with two blind cones in the centre, while vertical and off-centred has a cylindrical blind spot in the centre. The 
vertical alignment forms a massive cylinder, which covers all important directions. Because this rotational form is basic for all 
CT scans, the vertical alignment is also the most representative. 

4  Summary and Outlook 
In our study, we analyse the effect of misalignments on the sphere distance in different object orientations. This is an important 
task in the dimensional measurement, because this information can be used to construct a gauge for the qualification of CT 
systems. We focus on the task of detecting misalignments rather than the correction, because similar tests are performed in 
several qualification processes, and our goal is to study if the scans show the viable information they promise. Especially, we 
identify whether the orientation within the scan shows or hides certain misalignments, and therefore whether the test is suitable 
for the qualification. 
The results show that the orientation of the gauge has significant influence. The increase in sensitivity is significant in the tests 
discussed in this work. It is interesting that the horizontal orientation is the least sensitive orientation tested, while it is most 
similar to established gauges. Changing to a vertical design will increase the reliability of qualification results. 
Note that these tests cannot be considered to be unbiased, as we tried to cover practical influences of the misalignments. 
Hence, we are biased towards an application wise view point, and the selection of tested misalignments may be afflicted of 
those. We focused on the differences between the orientations of the gauge and the possibility to detect misalignments, and in 
this regard, these influences are justified. Furthermore, we cover a whole list of basic misalignments, and from very little to 
huge differences; the bias therefore only is in the sampling of each possible misalignments. Other studies, as covered in [7], 
have analysed the individual influence of the misalignments themselves. In a meta-analysis, we will also evaluate the influence 
of the used gauges on the discovered results. 
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The use of the image-based geometry correction may have influence the presented results. However, it was necessary to 
include this method to avoid artefacts such as doubled edges. Additionally, in most experiments, the correction did not find any 
results, especially when we simulated the perfect geometry. Because the image features are used only, one can say that 
misalignments which are corrected by this method are “easily” fixable, without any critical analysis of the Siemens CERA 
software package used in our study. Incorrect parameters may also occur and have influence on the given results. The 
geometry correction may also include a bias towards one alignment in real applications, even though we did not perceive any 
differences in the parameters the software package calculated between the different orientations. In total, because those 
correction methods are necessary if dealing with “unknown” misalignments, the package should be analysed in detail before 
using in dimensional measurements. To describe a test procedure for this is a research topic for itself and will be part of a 
future work. For this publication, we used CERA only, because a conclusive study of this effect would push the limits of one 
publication. 
In the experiments, we used a rotatory geometry only. We do not assume that other trajectories may change the results 
significantly, as the projections are recorded in the same manner, and the information is than projected back into the volume. 
Hence, each projection is afflicted similar with all the misalignments. In many different trajectories [10], more axes are used 
than with the rotatory one we discussed here, therefore, they might be more sensitive to misalignments, and therefore we 
recommend including these in the acceptance tests, if they are desired in later applications, but the same object in the same 
orientation can be used. 
Misalignments have to be corrected either by mechanical alignment or by measuring the true geometry, and using this 
information in the reconstruction [12]. Among others, there are especially properties regarding the image qualities, where the 
materials and the X-ray and detector parameters have to be considered. Because those parameters vary in real applications, we 
recommend dividing the errors in the stationary and not stationary parameters. The misalignments we discussed in this paper 
belong to the first case. In future work, we will also analyse how much the X-ray parameters influence the dimensional 
measurements, and also study how we can combine both for a prediction of the uncertainty of the measurement. 
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