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Abstract 
When measuring with computed tomography, the measurement uncertainty of measured values is strongly influenced by the 
geometry and material of the measurement object as well as by the chosen scan parameters, such as those of the X-ray source  
and detector. Optimizing the scan parameters to achieve a sufficiently high measurement precision while keeping the 
measurement time as short as possible, is crucial for the efficient use of a coordinate measuring machine with computed 
tomography. Few tools are available to aid the user at this time. Therefore scan parameters are often set based on purely empirical 
studies or on subjective assessments of X-ray images and thus on the basis of personal experiences. Subsequently a new method 
for the automatic determination of scan parameters for a given measurement time or a given measurement precision of single 
measurement points, as well as a given minimum necessary structural resolution is presented. It is based on a method for 
simulating the measurement precision of surface points that are relevant for the measurement task. Initial results of the validation 
of this method are presented. 
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1 Introduction 
In recent years the principle of computed tomography has been established in the area of coordinate measurement technology as 
a result of the possibility of the fast, complete and non-destructive metrological assessment of internal and external geometrical 
characteristics [1]. The choice of scan parameters strongly influences the measurement uncertainty of measurement values [2]. 
Although the influence of systematic uncertainty contributions, such as those caused by temperature or beam hardening, can 
increasingly be corrected [3, 4], random uncertainty contributions and thereby the measurement precision, remain strongly 
dependent on the choice of scan parameters. For this reason the optimization of scan parameters with regard to a sufficiently 
high measurement precision of surface points that are relevant for a measurement task (hereinafter “target points”) and coincident 
with the shortest possible measurement time is crucial for the efficient use of a coordinate measuring machine. Therefore the 
aim of the proposed method is the automatic optimization of scan parameters for a given maximum permissible measurement 
time or a given minimum necessary measurement precision of single points (hereinafter “single point precision”) of the target 
points as well as an additionally given minimum necessary structural resolution. 

2 Solution Approach 
Subsequently a method for simulating the single point precision of target points is presented.  

2.1 Simulation of the Single Point Precision 
The aim is the estimation of the noise component of the measured coordinates (measurement precision) of the target points in 
dependency of the scan parameters. Therefore the calculation of an estimation for the noise  ! of the linear attenuation 
coefficients "#$%&((⃑) (hereinafter “gray values”) used for the determination of surface points and the gray value difference + 
between them (hereinafter “local contrast”) that is required to calculate the measurement precision is described in the following. 

2.1.1 Noise  
As a first step, the spectrum detected by the detector is simulated based on a modification of the semi-empirical tube spectrum 
w(E) of Tucker et al. [5] that describes the number of photons of the energy , emitted per second and electron, on tabulated 
values of the linear attenuation coefficients of the prefilter "-(,) and the x-ray detector ".(,) as well as the corresponding 
intersection lengths / per projection angle and target point. 0.(,) = 0(,)	34!5(6)75 	81 − 34!;(6)7;< (1) 

Based on the detected spectrum 0.(,) the expectation value  Exp(@(A)) = B	C	ΩE0.(,)34!FGH(6)7FGH(I)	,6  (2) 

and the variance 
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 JK8@(A)< = B	C	ΩE0L(,)34!MNO(6)7MNO(I)	,K6  (3) 

of the measured intensities J are estimated. Here B is the integration time of the detector, C the tube current, Ω the solid angle 
between the X-ray source and the affected detetection element,  "PQR(,) are the linear attenuation coefficients of the object and /PQR  the corresponding intersection lengths per projection angle and target point. From this the relation between the signal and 
noise components of the normalized and logarithmized intensities of the X-ray image (hereinafter “projection values”) S = − ln V @@WX (4) 

follows through the application of the Gaussian error propagation to equation (4). Here @Y is the expectation value of intensities 
not attenuated by the object. Out of this an estimation for the noise component of the gray values can be calculated by 
backprojection of the noise components of the projection values p. 

2.1.2 Contrast 
The calculation of the gray values "Z[$%&((⃑) that depend on the location (⃗ = (], _, `)	can be determined when assuming ideal 
imaging at the location of the edge transition between object material and surrounding medium through simulation and 
backprojection of the projection values p. From this the estimation of the real gray values "#$%&((⃑) can be calculated by 
convolution with the point spread function PSF((⃑) of the CT-Sensor. "#$%&((⃑) = "Z[$%&((⃑) * PSF((⃑) 

 
(5) 

The point spread function depends, among other factors, on the focal spot size, the aperture of the detection elements and the 
magnification. From the estimation of the real gray values "#$%&((⃑) the local contrast between the gray values used for the 
determination of the location of the edge transition can be calculated for each target point and projection angle. 

2.1.3 Contrast-Noise-Ratio and Measurement Precision 
Subsequently the single point precision of every target point is computed from the ratios of contrast to noise (CNR) of the gray 
values that are necessary for the determination of the location of the edge transition. For this purpose, knowledge of the method 
used for the determination of the location of the edge transition is essential. In the following the relation between contrast, noise 
and the standard deviation of the target points will be described for the simplified example of the linear interpolation of the 
position of a target point between two volume elements (hereinafter “voxels”). The calculation of the position of the edge 
transition de⃗  can be calculated using the linear interpolation between two voxels with the positions (feee⃗  and (Keee⃗  and the gray values "f and "K as well as with the threshhold value "gh by using the follwing relation. de⃗ = "gh − "f"K − "f 	((feee⃗ 		− (Keee⃗ ) + (feee⃗  (6) 

The noise  j of the coordinates of a target point can be derived by the application of the Gaussian error propagation to equation 
(6) under the simplifying assumption that the difference between the noise of adjacent gray values can be neglected.   j ≈  !|"K − "f| |(Keee⃗ 	− (feee⃗ 	| ≈ 	 !+ mn (7) 

Here mn is the size of an edge of one voxel. Hence the measurement precision of a target point is proportional to the ratio of 
contrast to noise of the gray values used for the determination of the edge transition. The relation is shown schematically in 
figure 1. 
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Figure 1: Schematic representation of the dependency between the noise of the determined position of the edge transition and the local 
contrast as well as noise of the gray values. 

 
The greater the noise of the gray values (represented by the dashed dark box), the greater the measurement precision (represented 
by the red line). By increasing the local contrast, the effect of the noise of the gray values on the measurement precision is 
reduced. Thus the maximum possible measurement precision will be achieved by maximizing the ratio of local contrast to noise.  

2.1.5 Application Example 
The estimation for the contrast as well as the normalized noise and CNR have been simulated for two measurements of a copper 
stepped cylinder with tube voltages of 225 kV and 100 kV, a constant tube power and otherwise identical scan parameters. The 
contrast simulated with 225 kV is half of the contrast simulated with 100 kV (figure 2a). The increase of tube power results in 
halving the noise for short intersection lengths, while for long intersection lengths, it results in a reduction of noise to 
approximately one-fifteenth (figure 2b). Thus an increase of tube voltage from 100 kV to 225 kV results in an improvement of 
the CNR (figure 2c) of up to a factor eight. 
 

 
Figure 2: Ratios between two estimations, one simulated with a tube voltage of 225 kV, the other with a tube voltage of 100 kV, for contrast, 
noise and CNR. 
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2.2 Setting Algorithm 
Subsequently a setting algorithm for the automatic optimization of X-ray settings, such as X-ray voltage and power, the 
prefilter, detector settings, such as the integration time and the number of images averaged per projection, as well as the 
number of projections per scan is presented. The aim of this setting algorithm is the optimization of the above mentioned scan 
parameters for a user-defined maximum permissible measurement time or a minimum necessary average or minimum single 
point precision of the target points as well as an additionally given minimum necessary structural resolution. The user-defined 
maximum permissible measurement time or necessary average or minimum single point precision are both measurement time 
restricting boundary conditions. While the optimal values of time invariant setting parameters, such as tube voltage and power, 
are independent from those boundary conditions, the optimum of time variant setting parameters, such as the integration time, 
the number of images averaged per projection and the number of projections per scan are not. 

2.2.1 Optimization of Time Invariant Setting Parameters 
First the maximum permissible power that will result in the user-defined minimum necessary structural resolution is 
determined for each possible tube voltage. Afterwards the optimization of time invariant setting parameters is performed based 
on the simulation of CNR described in section 2.1. Using an iterative optimization the combination of tube voltage and 
prefilter is calculated that leads to the greatest CNR normalized to total exposure time. Then the tube current is calculated from 
tube voltage and maximum permissible tube power. In addition, an examination is made whether an integration time exists that 
does not result in underexposure or overexposure of the detection elements. Subsequently the measurement precision 
normalized to total exposure time (hereinafter “normalized single point precision”) is calculated based on the minimum or 
mean CNR. The number of projections angles oI,pZq needed to avoid aliasing artifacts is calculated using the following 
relation [6]: oI,pZq = r4	o[$g (8) 

. Here o[$g is the number of detection elements in direction of the normal of the plane defined by the axis of rotation and the 
normal of the X-ray detector. 

2.2.2 Optimization of Time Variant Setting Parameters 
In case of a given maximum permissible measurement time scan parameters are optimized to maintain the highest possible 
single point precision, while in case of a given minimum necessary single point precision scan parameters are optimized to the 
lowest possible measurement time. As first step, the shortest possible integration time B that does not result in underexposed or 
overexposed detection elements is determined based on the simulation of the expectation value of the lowest and the highest 
intensity detected. In case of a given minimum necessary single point precision the minimum necessary total exposure time tu,pZq is calculated from the ratio of the minimum necessary single point precision to the simulated normalized single point 
precision. Then the necessary number of images averaged per projection o%vw is calculated with the following relation. o%vw = tJ,pZq8oI,pZq ∙ B	< (9) 

In case of a given maximum permissible measurement time tp%y  the necessary number of images is calculated by using the 
following equation. o%vw = tp%y − tY8oI,pZq ∙ B< = tJ8oI,pZq ∙ B< (10) 

Here  tY is an estimation for the time needed for additional processes during the measurement, such as the movement times of 
the axes of the machine. In both cases the estimation of the measurement time t is determined by adding the total exposure 
time tJ =	oI,pZqo%vwB and the estimation for the time needed for additional processes tY. The estimation of the mean or 
minimum single point precision of the target points is then calculated from the normalized single point precision of the target 
points and the total exposure time.  

2.2.3 Application Example 
One example for the application of the setting algorithm is the optimization of the total exposure time for a given user-defined 
minimum necessary average single point precision of the target points as well as preset X-ray parameters (voltage and current), 
prefilter and number of projections. The preset scan parameters are used for the simulation of the normalized mean single point 
precision. The minimum necessary total exposure time is computed from the ratio of minimum necessary average single point 
precision to simulated normalized average single point precision. 
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3 Validation 

3.1 Simulation of the Measurement Precision of Single Points 
In the following sections the simulation of contrast and noise are validated using selected examples. 

3.1.1 Noise 
For the validation of the simulation of noise a copper stepped cylinder was measured 20 times under repeatability conditions. 
Then the standard deviation of the gray values was calculated from the measured volume data. The simulation of the standard 
deviation of gray values has been calculated based on a point cloud in STL format calculated from one measurement using the 
same setting parameters. In figure 3 a single slice of the resulting simulated (figure 3a) and measured (figure 3b) standard 
deviation of the gray values is shown. The ratio from simulation to measurement (figure 3c) is in the order of one and therefore 
simulation and measurement show good agreement. 
 

 
Figure 3: Ratio (c) between simulated noise (a) and noise calculated from 20 measurements (b) for one layer of gray values.  

 
In figure 4 simulated and measured noise are shown as a function of the mean intersection length  /z = 1oIE/Y{¦(A)I  (11) 

for an aluminium and a copper stepped cylinder. Measurement and simulation of noise were conducted with the same scan 
parameters and show good agreement. 

 
Figure 4: Simulated and measured noise as function of mean intersection length for an aluminum and a copper stepped cylinder with consistent 
geometrical characteristics.  
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3.1.2 Contrast 
The copper stepped cylinder that was used for the simulation of contrast in section 2.1.5 has been measured with a similar 
projection geometry and otherwise same setting parameters. The ratio of contrast at 225 kV tube voltage to 100 kV tube voltage 
have been calculated for simulation and measurement. The simulated and measured ratios of contrast are shown in figure 5. 
  

 
Figure 5: Ratios of contrast measured (a) and simulated (b) with two parameter sets, one with a tube voltage of 225 kV, the other with a tube 
voltage of 100 kV and otherwise similar conditions. 

 
To validate the simulation of contrast in section 2.1.5 the same stepped copper cylinder was measured with a similar projection 
geometry and otherwise identical setting parameters. 

4 Discussion and Conclusion 
The presented method for the simulation of contrast and noise has been validated. Measurement and simulation show good 
agreement and are suitable for the estimation of the influence of scan parameters on contrast as well as noise of the gray values 
used for the determination of the position of the edge transitions. Thus the presented algorithm for the optimization of setting 
parameters based on the simulation of CNR and the resulting single point precision is a promising approach.  
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