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Abstract 
Reconstruction algorithms require precise knowledge about the scan geometry of the computed 
tomography (CT) system. This is not always present. The scan geometry can be described considerably 
by the spatial relation between the X-ray source, the detector and the centre of rotation as shown in 
Figure 1. Stationary CT systems, where the source and detector are fixed with respect to each other, are 
generally precisely aligned. In contrast CT systems with flexible source and/or detector position can 
only be aligned retardant and within limited accuracy. The scan geometry can be afflicted with 
geometrical instabilities, caused by a moving focal spot and/or a misaligned or unknown position of 
the centre of rotation. Even slight differences between assumed and actual scan geometry can lead to 
significant artefacts in the reconstructed image. Within this contribution, we present a referenceless 
method for estimating a subset of the geometrical parameters of a CT system in order to use this 
information to improve the quality of the reconstructed image. 
 
Keywords: geometrical calibration, X-ray imaging, three-dimensional reconstruction 
 

  
Figure 1: Model of the scan geometry. 

1  Introduction 
The maximum quality of the reconstructed image (sharpness, SNR) which can be achieved by 
conventional axial CT systems strongly depends on a precise knowledge of the scan geometry and an 
adequate alignment of the components. With an ascending required spatial resolution of the imaging 
system the alignment process gets increasingly ambitious. A higher spatial resolution also forces the 
requirements on the repeatability of the axial system and on the accuracy of the assumed position of 
the centre of rotation. 
 
An unknown or misaligned position of the centre of rotation for instance results in double outlines 
within the reconstructed image (see Table 1). If the scan geometry changes during the acquisition of 
the projections the sharpness of the reconstructed image will be reduced in a way and amount 
depending on the actual modification if this effect will not be compensated by additional corrections or 
modifications of the raw image data. Those modifications of the scan geometry can be caused by a 
motion of the focal spot or by thermal expansion of the X-ray tube. 

M
or

e 
in

fo
 a

bo
ut

 th
is

 a
rti

cl
e:

ht
tp

s:
//w

w
w

.n
dt

.n
et

/?
id

=1
37

29



 

262 

The state of the art technique to determine the geometrical parameters of the CT system is the use of 
pre-scan calibration methods. These methods are tracking the position of particular calibration 
phantoms (small pin, wire or sphere) in the plane of projection during their movement in the path of 
rays while rotating the phantom [2,3]. Each time the CT geometry has been changed, a new calibration 
scan has to be performed. Especially heavy objects may change the system’s geometry (particularly the 
position of the centre of rotation), which reduces the validity of the result of the precalibration scan due 
to the necessary repositioning of the scan object.   
Hence, our objective was to implement a referenceless method to determine the acquisition geometry 
using scan data of an arbitrary object without the knowledge of spatial characteristics or other prior 
information about the object. Furthermore, this algorithm was required to work semi-online, i.e. a 
determination of the spatial characteristics during the CT measurement and an immediate application 
on the reconstruction was requested. 

2  Adjustment methods 
Azevedo et al. [1] presented a sinogram-based approach to determine the position of the centre of 
rotation which is valid for parallel-beam geometry. In fan-beam geometry, this algorithm is only able 
to decide if the position of the centre of rotation is well aligned or not, though. Inspired by this 
approach we developed an iterative algorithm that re-sorts a fan-beam based sinogram as a function of 
the assumed position of the centre of rotation.  
What we want to show in this contribution is that the developed algorithm 

1. is robust, i.e. applied to data sets acquired with the same scan geometry only a small standard 
deviation is to be expected. 

2. is robust compared to state of the art calibration techniques, i.e. the determined mean value 
for the rotation centre does not differ more than a specified (small) threshold from the values 
determined with the pre-scan method.  

3. converges fast, i.e. only little iterations are required in order to obtain robust information 
about the scan geometry. 

4. is robust with small data sets, i.e. only a small number of projection images is required for the 
determination of reliable values. 

Having shown these features, the idea is to apply this algorithm during the image acquisition task. For 
determining the position of the centre of rotation it is necessary, that the information of a full rotation 
is available. This can be reached by reducing the sampling rate of the sinogram in the dimension of 
rotation. Due the fact that a little number of projections is sufficient for a fast convergence of the 
algorithm, a modified sampling order is applied in order to generate a whole 360° data set: Instead of 
acquiring the full number of m projections one by one with an angular step given by  
360°×m-1, the data set is acquired within a certain number of rounds n (see Figure 2), while the angular 
step between two projections is increased by factor n. With this approach a thinned sinogram can be 
generated comparably fast, depending on n, by acquiring the first subset (whole 360° data set) of 
projections. Hence, the centre of rotation can be successfully determined and the reconstruction 
process can begin before the entire data set is acquired. 
An additional advantage of this modified sampling order is the fact that every angular position is 
passed by n times. It is strongly recommended not to change the direction of rotation due the fact that 
unidirectional axis movement has a much higher accuracy than bidirectional movements. While 
acquiring the n sampling rounds one or more reference images per round will be taken at predefined 
positions. Based on this series of reference images time-depending interferences can be determined and 
compensated. These time-depending interferences for example can be both, an unstable focal spot with 
respect to its position (see Figure 3) or an unstable generated source output. Instead of determining the 
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scanning geometry at the beginning and at the end of the data acquisition and assuming a linear drift, a 
higher temporal sampling rate of the scanning geometry can be realized as described above.  

 
Figure 2: Comparison of the different sampling orders. In both cases (left: the modified sampling order, in the 
following referred to as “ring-sampling”, right: the standard sampling order) the total number of projections m is 
18. The number of sampling rounds n is 3 in the left case and in the right case all projections are acquired in a 
single sampling round. In both cases the sampling order is red (projection 1-6), black (projection 7-12, dashed) 
and blue (projection 13-18, dotted). The sampling direction is clockwise and sampling starts at “12 o’clock”. 
 
Depending on the repeatability of the manipulation system, those reference images are supposed to 
differ from each other only by noise. By analysis methods such as image correlation or registration, a 
piecewise linear movement of the object’s projection within the scanning geometry can be emulated 
and corrected by the reconstruction algorithm. 
It has to be verified, though, that the data set and the reconstructed image do not lack of image quality 
caused by the modified sampling order. For a first impression, the negative impact of both 
interferences to the quality of the reconstructed images is illustrated in Table 1 (misaligned position of 
the centre of rotation) and Figure 4 (moving focal spot). Additionally, it shows the potential of the 
developed methods, which will be analysed in the following sections in detail. 

3  Experiments and results 
This section is separated into two subsections: While the first one deals with the determination of the 
position of the centre of rotation the second one works on the compensation of the moving focal spot. 

3.1 Determining the position of the centre of rotation 
We want to show that our algorithm fulfils the four criteria mentioned in section 2. Since the exact 
position of the centre of rotation is unknown in practice, we will prove the accuracy and robustness of 
the developed algorithm on simulated data first. Afterwards we are going to show that the algorithm 
works in practice, too. 

3.1.1 Research with simulative data 
For excluding or explicit including disturbance factors we used the analytical CT simulation tool [4] to 
simulate the CT. First of all we want to show that the developed algorithm works in general (under 
absence of any disturbing factors as any kind of noise or bad pixels). The results mentioned in Table 3 
show that the accuracy of the results is independent on the extent of the offset and on the opening 
angle, which is described by the source-detector-distance (SDD) and the width of the active imaging 
area. Additionally the table shows the average number of needed iterations, which is positively 
correlated with the extent of the offset. Furthermore it shows that for common offsets of the rotation 
centre the number of iterations is very small. Table 2 shows the important parameters of the simulation 
series. 
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Considering  False True Simulation setup 
Determining 
the position 
of the centre 
of rotation. 

  

Number of projections: 1080,  
detector width: 512 pixels,  
source-detector-distance: 1000 pixels, 
misalignment of the rotation centre:  2.5 
pixels. 

Table 1: Reconstructed slices of a simulated measurement with (right) and without (left) considering the 
misalignment of the centre of rotation. 
 

Number of projections per sampling round 1080 
Detector 512 x 1 pixels at 400 µm 
U 100 kV 
Source-object-distance 250 pixesl 
Source-detector-distance Various 
Disturbing factors None 
Object See Table 1 

Table 2: Parameters of the simulation. 
 

 Relative offset of the centre of rotation / pixels 
X-ray opening angle / degree 0.0000 0.5000 5.0000 50.0000 

54.2249 -0.0001 0.5000 4.9985 50.0005 
28.7187 0.0001 0.5001 4.9997 50.0008 
14.5884 0.0001 0.5000 4.9999 49.9995 

7.3239 0.0001 0.5002 5.0001 49.9999 
3.6657 -0.0001 0.5000 4.9999 50.0001 

Mean number of needed iterations 
for a single result 

1.0 2.8 4.0 7.4 

Table 3: Determining the position of the centre of rotation with the iterative sinogram-based method as a function 
of both, of the X-ray opening angle, and the offset of the position of the centre of rotation. 
 
Now we take a look at the robustness of the algorithm as a function of the extent of the noise level, 
which in this context can be described quantitatively best by SNR in the I0-region of the projection 
image. Because of the influence of randomness each noise level has been simulated five times. 
 

Number of projections per sampling round 50 
Detector 512 x 1pixels at 400 µm 
U 60 kV 
Source-object-distance 73.15 pixels 
Source-detector-distance 2926.00 pixels 
Disturbing factors Noise (various levels) 
Object See Table 1 

Table 4: Parameters of the simulation different noise levels to prove the robustness of the algorithm. 
 
As Table 5 shows the accuracy of the determined positions is positively correlated to the quality of the 
image. As expected, the higher the noise level the worse the results´ accuracy and the higher the 
standard deviation of the results. The relevant simulation parameters are mentioned in Table 4. 
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SNR(I0-region) Mean absolute 
error / pixels 

Standard deviation of the 
results / pixels 

Average result / 
pixels 

8.3893 0.5008 0.7486 4.5611 
28.0112 0.1887 0.1010 5.1887 
71.9424 0.0802 0.0820 5.0542 

166.6667 0.0300 0.0381 4.9903 
416.6667 0.0124 0.0168 4.9998 

Table 1: Calculating the position of the centre of rotation as a function of the extent of the noise level. The 
actually simulated offset of the centre of rotation is 5 pixels. 

3.1.2 Research with measurement data 
Table 7 shows that the algorithm is robust compared to state of the art calibration techniques. Table 8 
demonstrates that the algorithm is robust with small data sets. 
 

Detector PerkinElmer, XRD 0820 N ES 
Pixel 1k x 1k; 200 x 200 µm² / pixel 
Total number of projections 800 
U 150 kV 
I 500 mA 
Source-object-distance Various 
Source-detector-distance 5265 pixels 
Disturbing factors Real measurement series 
Object Complex multi-material 
Exposure time 199 ms 

Table 2: Relevant measurement parameters. 
 
While Table 6 illustrates the relevant measurement parameters Table 7 shows that the results´ accuracy 
of our iterative sinogram-based method is about as high as the state of the art calibration techniques. 
Therefore we compared the developed method with both, a pre-step and a post-step procedure. The 
pre-step procedure (in the following referred to as “pre-scan calibration” [3]) is using a defined 
reference-phantom (conductor or ball) whose position can easily be found at different rotation 
positions. After determining the position of the centre of rotation, the axis of rotation will be moved to 
the ideal position. The post-step procedure (in the following referred to as “SNR-minimization”) 
calculates the SNR of the reconstructed image with different assumed positions of the centre of 
rotation. This method uses the negative correlation between hit-accuracy of the position of the centre 
of rotation and the SNR-value in the reconstructed image. Thus the position that leads to the lowest 
SNR is assumed to be the correct value. Important is, that the region of interest the SNR-calculation is 
based on, contains some kind of structure or edges. 
It is hard to compare the three mentioned methods in practical use, because the exact position of the 
centre of rotation is generally unknown. With a series of measurements with various (relative) 
positions of the axis of rotations and different magnifications we want to create a linear correlation 
between the positions of the axis of rotation and the determined positions of the centres of rotation. 
The fitness of the linear correlation can be used as a quantitative attribute for comparison the three 
methods. The Pearson product-moment correlation r describes the fitness of the linear correlation 
quantitatively. 
The absolute value of r is always less or equal 1. The higher this coefficient the higher the linear 
correlation. In this context the assumed positions of the centre of rotation are directly linear correlated 
(assuming the axis that moves the centre of rotation works perfectly) with the position of the axis of 
rotation. Thus the smaller 1- abs(r) the more trustful is the method and their results. Referring to this 
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coefficient the SNR-minimization method is the most trustful. In contrast to the pre-scan calibration 
the method based on sinogram data is only slightly worse than the SNR-minimization method. 
Table 8 shows that the results of the calculation are quite stable even with a decreasing number of 
projections. Nevertheless, it is obvious that reducing the sampling rate increases the failure level to be 
expected. The reason could be an increasing influence of the afterglow within the scintillator layer of 
the detector through expanding the rotation steps between two projections. However, the main aspect is 
definitively the limited information of the input-sinogram. Also we noticed that the quality of the 
reconstructed image which in this special case can quantitatively represented by the SNR-value 
becomes less with a higher numbers of sampling rounds. This negative effect can be partly weakened 
by skipping a small number of frames before acquiring a new projection. This indicates that the lack of 
quality of the reconstructed image which correlates with the number of sampling rounds is caused by 
the image lag effect due to an afterglow of the scintillator. In contrast the SNR-minimization can cope 
with the image lag effect, since a conventional sampling with small angular step ranges is feasible. 
 

Position of the rotation 
axis in x direction/ µm 

Magnification Iterative sinogram-
based / pixels 

SNR-minimization 
/ pixels 

Pre-scan 
calibration / pixels 

192 1.4806 -0.5182 -0.4091 -0.5478 
5000 1.4806 35.0216 35.0778 35.0412 

10000 1.4806 72.0906 72.1344 71.9886 
1- abs(r) 10-8*4.0530 10-8*3.2899 10-6*5.8447 

202 2.3994 -0.9388 -0.8955 -1.0857 
5000 2.3994 56.7631 56.6000 56.6324 

10000 2.3994 116.7292 116.4523 116.6240 
1- abs(r) 10-8*1.8542 10-8*1.1802 10-6*6.2166 

Table 3: Comparison of different methods to determine the centre of rotation. The parameter r describes the 
fitness of the linear correlation (Pearson). 
 
Each measurement series contains 800 projections which have been acquired within a certain number 
of sampling rounds (see column “Projections per round”). For each round per measurement series the 
position of the centre of rotation has been determined. The calculated positions/results are described by 
the two columns “StdDev” (the standard deviation) and “Mean”. Additionally the positions of the 
centre of rotation have also been calculated with the SNR-minimization method. The relevant 
measurement parameters are equivalent with the conditions mentioned in Table 6 with the exceptions 
that the object is analogical to the object illustrated in Table 1 and a constant source-object-distance of 
5265 pixels has been used. 
 

Projections per 
round 

Iterative sinogram-based SNR-minimization SNR of the 
reconstructed image 

 StdDev Mean  Mean  
800/32=25 0.0347 4.9088 5.0560 1.3219 
800/20=40 0.0429 4.9441 5.0709 1.3215 
800/10=80 0.0183 4.9691 5.0651 1.3200 
800/5=160 0.0075 4.9585 5.0650 1.3188 
800/1=800 n.def. 4.9627 5.0532 1.3172 

Mean 4.9486 5.0620 -------- 
Standard deviation 0.0241 0.0072 -------- 

Table 4: Examination of the influence of the number of rounds while determining the centre of rotation. 
 
A quality criterion on the accuracy of the calculation is the reproducibility of the results. For this 
reason we arranged 10 measurements each with 36 projections under unmodified measurement 
conditions. The standard deviation oft the results is 0.00956 pixels. 
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3.2 Determining the position of the optical focal spot 
The drift of the optical focal spot during a measurement leads to blurring within the reconstructed 
image as can been seen on the right hand side of Figure 4.  
Therefore this variation of the scan geometry must be determined and compensated. Figure 3 shows a 
typical periodic motion of a focal spot. It is obvious, that the positions of the focal spot can only hardly 
be described by a linear function over the full observation time of 60 minutes. That is why such high 
frequent motions require higher sampling rates than twice per the total measurement time, for example 
at the beginning and at the end of the measurement task. 
 

 
Figure 3: Tracing the position of the focal spot by projecting a steel ball at 100 kV over a period of 60 minutes. A 
corresponding behaviour can be observed in horizontal direction. 

3.2.1 Research with simulative data 
To make the effect of a moving focal spot clear, we simulated a high frequent phantom (a 3-
dimensional chess board). Each single cube-element has a size of 10 voxels3. In this special case even 
a slight motion of the focal spot completely destroys the chess board model of the reconstructed image. 
Considering the position of the moving focal spot through the reconstruction-algorithm inverts the 
negative impact and improves the quality of the reconstructed image. The SNR of the same simulation 
in absence of any motion of the focal spot is given with 0.8687 and is, despite the fact that the motion 
has not been detected perfectly (see Figure 5), only slightly better than the value of the corrected one 
(0.8762). 

  
Figure 4: Negative impact of a focal spot drift to the quality of reconstructed image. Number of projections: = 800, 
active detector area: 128 x 128 pixels, SDD = 2926 pixels. A linear focal spot drift has been simulated that leads to 
a maximum translation of the projections as follows: Δx: = 2.925 pixels, Δy: = 1.950 pixels, which is not unusual. 
The linear focal spot drift has been sampled 16 times uniformly over the whole measurement time. 
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Figure 5: Relation between simulated and determined drift of the focal spot in x- and y-direction. The ideal value 
for both functions is 1 (perfect accuracy). Despite a certain inaccuracy, a compensation of the movement of the 
focal spot leads to almost ideal results. 

3.2.2 Research with measurement data 
The relevant measurement conditions are illustrated in Table 9. Over the total measurement time of 
6785 seconds a focal spot drift of about (x=31; y=70) µm can be determined. We used a thin conductor 
(radially symmetric) as object to be able to measure the improvement in reached spatial resolution 
(ASTM MTF). Figure 6 illustrates the effect to the reconstructed images with and without considering 
the motion of the focal spot. All plotted functions of the corrected data are better than the uncorrected 
ones: the slope of the edge spread function is higher (not illustrated), the point spread function is 
thinner and the slope of the modular transfer function is lower. The 10 % modulation is in case of the 
corrected data set by the factor of 1.75 higher. 
 

Property Value 
U 80 kV 
I 500 mA 
Exposure time 1000 ms, skip 1 
Pixel pitch 100 µm 
Total measurement time 6785 s 
Number of projections 1600 
Number of sampling rounds 40 
Sampling frequency of the reference projections 1 / 165 s 
Total drift of the focal spot (x=31; y=73) µm 
SDD 500 mm 

Table 5: Measurement setup and results. 
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Figure 6: Improvement of the systems spatial resolution through considering the detected focal spot position by 
the reconstruction task. Left: Modulation transfer function (MTF), right: point spread function (PSF). 

4. Discussions and outlook 
We compared three methods for determining the position of the centre of rotation. A post step 
procedure by finding the shift with the lowest SNR in inhomogeneous parts of the object, a pre-step 
procedure using a defined specimen and the iterative sinogram-based method described within this 
paper. Advantages and disadvantages of the methods are mentioned in Table 10. 
 

 Iterative sinogram-based pre-scan procedure SNR-minimization 
Advantages • allows for semi-online 

reconstruction (after 
first round) 

• no additional 
processing step 
required, automatable 

• allows for online 
reconstruction 

• can provide additional 
information about 
magnification and 
voxel size  

• robust to a high extent 
• results are gathered at 

the raw object data 
 

Disadvantages • Additional time for the 
rotational manipulation 
of the object required 
(several rounds) 

• Inaccuracy of the 
rotational manipulation 
system due to longer 
distances 

• time consuming due to 
additional 
measurement 
procedure 

• insecure, since the 
acquisition geometry 
might change when 
replacing the object 

• offline reconstruction 
required 

• may be time 
consuming if a range of 
the offset is not known 
before 

Table 6: Advantages and disadvantages of different methods to determine the position of the centre of rotation. 
 
It has been shown that the presented iterative sinogram-based approach allows for semi-online 
reconstruction if it is applied to thinned sinogram data, acquired with the presented ring-sampling 
technique. Results are robust and comparable to the SNR minimization approach. It converges quickly 
and the results are robust even with small data sets which allows for only a small time delay between 
the acquisition of the first projection and the start of the reconstruction. 
The application of the ring-sampling technique, gives us the opportunity to sample the scanning 
geometry more often than only twice (before and after data acquisition). Table 11 compares 3 methods 
for the determination of the scanning geometry by listing their advantages and disadvantages. 
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 Ring-sampling First to last projection  [7] 
Advantages • Semi-online 

reconstruction (after 
first round) 

• high precision 
depending on number 
of rounds 

• fast 
• no change of the data 

acquisition procedure 
necessary 

• Online reconstruction 
• highest sample rate 

Disadvantages • Additional time for the 
rotational manipulation 
of the object required 
(several rounds) 

• Inaccuracy of the 
rotational manipulation 
system due to longer 
distances may occur 

• inaccuracy in the case 
of higher frequent 
changes of the scanning 
geometry caused by 
missing sampling 
points 

• reduction of field of 
view caused by 
additional reference 
object 

Table 7: Advantages and disadvantages of different methods to determine the position of the optical focal spot. 
 
It has been shown that the consecutive determination of the scanning geometry during data acquisition 
and adequate compensation measurements lead to improved results in the reconstruction. By tracing a 
steel ball with a high magnification, it has been shown that the change of the scanning geometry 
mainly consists of a linear drift in x and y direction, overlaid with a higher frequent pulsing. The linear 
drift is mainly caused by thermal expansion of the X-ray source and its fixture and can be reduced by a 
long warm-up procedure of the tube and a sophisticated way of fixing the X-ray tube. The higher 
frequent pulsing, as shown in Figure 3, is explained by the high voltage generator and can be reduced 
by using more sophisticated generators. If the generator is stable, an assumed linear thermal drift in 
both directions is adequate in most of the cases. Additionally, a change of magnification has been 
noticed in the projection images. 
A further application of the results will lead to the following next steps: 
Existing CT systems can be equipped with the ring-sampling procedure in order to implement a semi-
online determination of the rotation centre and a higher frequent compensation of changes on the 
scanning geometry. Depending on the imaging detector, afterglow is a disturbing effect which may 
require further compensation measurements, if skipping some frames is not an option. The change of 
magnification has not been considered so far and has not been compensated in the shown experiments. 
Nevertheless, a modification of the magnification can be a disturbing influence to some extent as well 
and may require further compensation. Also an application on other trajectories (i.e. helical CT) has 
not happened so far. 
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