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Abstract 
This paper presents a method for evaluating the quality of X-ray computed tomography (CT) volume data for dimensional 
metrology. In the method entropy defined on the distribution of CT values of volume data is used as a criterion. For a local 
geometric feature of a specimen, concepts defined in GD&T are used as reference to define the evaluation area for entropy 
calculation. Some scannings with different image quality are used to evaluate the performance of the proposed method. The 
results show that the method can aid CT user to select an optimized scanning quality. 
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1  Introduction 
X-ray computed tomography (CT) is a well known technology in the field of material analysis and non-destructive testing and 
evaluation. Recently, as an alternative to traditional measurement devices, X-ray CT has been broaden to the field of 
dimensional metrology [1]. However, as a large number of factors influence CT measurement [2], it is very hard for the CT 
technology to meet the required accuracy in industry. 
One typical influencing factor is the CT system parameters, which are nowadays optimized by the system operator, resulting in 
a non-ideal scanning result. Some studies present some criterions to perform the optimization. In [3], spatial resolution and 
pixel noise are defined to optimize several parameters. CT standards suggest a vale of minimal transmission for optimal 
scanning quality, 10 to 20% (EN 16016) and a 14% value (ISO 15708). Michael et al. [4] use minimal transmission with 
standard value as criterion to optimize CT image quality. Their results show that the method gives a good but not the best CT 
images. In [5], specimen orientation for which the maximum penetration length reaches a minimum is used as optimum 
orientation to reduce beam hardening artefact, however cone beam artefact related to specimen orientation cannot be optimized 
by use of that method. Different with those methods, we propose a method for evaluating the quality of reconstruction images 
by means of image entropy as a criterion. Some scannings with varying image quality are used to evaluate the performance of 
the proposed method. In particular, this study presents an investigation of the influence of specimen orientation and voltage, 
which are related to beam hardening artefact and cone beam artefact. 

2  Method 
The entropy E  is calculated as 
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where ( )H i  and ( )h i  are the histogram and the normalized histogram of the CT image. The range of CT value is divided 

into a number of consequtive bins (intervals of the equal size) and ( )H i  is the number of voxels whose CT values are in the i-

th bin. n  is the number of bins of the histogram. For an image, low entropy value favors high contrast, so CT volume data 
with low entropy value indicates little blurring area, i.e. high measurement quality (see Figure 1). In our method entropy is 
used as a criterion to evaluate the quality of CT volume data. We calculate entropy values of a local geometric feature with 
varying image quality. In this study, specimen orientation and voltage as variable scanning settings are used to vary the image 
quality. Several sets of scanning settings with relatively low entropy values are considered as optimal ones for that local 
geometric feature. 
The entropy can be computed to the whole CT image or to a portion of it. In our approach, as each local geometric feature of a 
specimen is evaluated and optimized respectively, we define a zone to each of these local geometric features to which we 
compute the entropy. We assume that the bin width and the entropy zones are given by users. There exist several common 
approaches for optimal bin width choices of probability histograms in the literature that can be well used in this study. For an 

N-sample dataset, Scott proposed a normal bin width reference rule: 33.5 /w N  [6], which uses normal distribution as a 
reference distribution for constructing histograms from sampled data by use of the sample standard deviation   to obtain bin 
width. This rule gives an optimal bin width for CT sample dataset, which is used in this study. 
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Figure 1: CT volume data with high entropy value and low entropy value. 

We use concepts defined in geometric dimensioning and tolerancing (GD&T) as reference to define the entropy zone for a 
local geometric feature. In this study, we focus on two types of geometric features, rotation surface and plane. In GD&T, for 
rotation surface a typical definition is cylindricity. According to the feature of cylindricity, as shown in Figure 2 (a) the zone 
formed by two cylindrical surfaces is defined as entropy zone for rotation surface. For plane a typical definition is flatness. 
According to the feature of flatness, as shown in Figure 2 (b) the zone formed by a cuboid is defined as entropy zone for plane. 
However, for plane with standard geometric contour (e.g. circle, rectangle), we use that standard geometric contour as entropy 
zone contour to form entropy zone (see example in Figure 3). The distance between entropy zone contour and plane contour 
can refer to the area used for dimensional metrology. 
 

 
Figure 2: Entropy zone definition. (a) rotation surface; (b) plane. 
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Figure 3: Example of entropy zone contour for plane with standard geometric contour. 

Figure 4 (a) shows a reconstructed slice of a cuboid with obvious blurring area as example. In the CT volume data, the size of 
the blurring area in air area is defined as m , and the size of the blurring area in material area is defined as k . By use of m  

and k  as reference, we determine the size of the entropy zone (see Figure 4 (b) (c)). The following shows the method. For 

rotation surface, oR  and iR  represent radii of the two cylindrical surfaces of the entropy zone, F  represents height of the 

entropy zone, r  and f  represent radius and height of the rotation surface respectively. For plane, c  represents height of the 

entropy zone in air area, d  represents height of the entropy zone in material area, A  and B  represent the size of entropy 
zone, L  represents height from the plane to the plane of the source trajectory. 

For outside rotation surface,   o oR r R r m    ,   iR r k  , F f . 

For inside rotation surface, oR r k  ,   i iR r r R m    , F f . 

For plane,   c L c m   , d k . 

The contour sizes , ,A B F  can refer to the area used for dimensional metrology. 

Threshold values m  and k  should make entropy zone cover artefact zone that influences measurement quality as much as 

possible. For entropy zone located in the background, we use scale coefficients , ,    to determine the size of entropy zone. 

In the case of m  with large value, the size of entropy zone can be m  (i.e. oR r m  , ir R m  , c m ). In the case of 

m  with small value, , ,    should be adjusted to enlarge entropy zone. Figure 5 shows the effect of scale coefficients by 

use of a cylindrical surface at different orientations around the y axis. It is observed that the entropy values decrease with 
increases in the scale coefficient, but the curves of the entropy values are consistent. Therefore, the scale coefficients do not 
influence the optimization process and a strict scale coefficient value is not required. 
 

 
Figure 4: Entropy zone size. (a) the size of the blurring area in volume data; (b) rotation surface; (c) plane. 
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Figure 5: Scale coefficients effect. 

3  Results and discussion 

3.1 Evaluating slant angle effect 
A specimen called stepped cylinders (see Figure 6) is used for the evaluation, which is often used as a phantom to evaluate 
performance of an ICT system and may be adopted as ISO reference standard for dimensional CT metrology. In this study, 
dimensional parameters and   value (the standard deviation of the total image) that represents the standard deviation of the 
measurement points along the original geometry are used to evaluate the proposed method. To evaluate the results, we 
compare the dimensional parameters and   with the entropy values provided by our method. In dimensional metrology, first 
we use VGStudio Max 2.0 [7] to extract polygonal meshes (STL file), then we use GOM Inspect [8] to measure dimensions 
and calculate  . 
Stepped cylinders has typical features of rotation surface and plane. We evaluate cylindrical surface R1, R2, R3, R4 as rotation 
surface and bottom surface P as plane. 
 

 
Figure 6: Stepped cylinders. 

 

Tube 
voltage 

Tube 
current 

Exposure 
time 

Prefilter 
thickness 

Pixel 
size 

Source to 
rotation axis 

distance 

Source to 
detector 
distance 

Projection 
resolution 

Number of 
projections 

130KV 100µA 600ms 0mm 0.6mm 100mm 300mm 500×500 800 

Table 1: Scanning parameter settings for simulation. 

We slant the specimen to optimize orientation. Table 1 shows the scanning parameter settings for simulation. Entropy values, 
dimensional parameters and   for placements with 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 degrees slant angle are computed. 
For cylindrical surface R1, R2, R3, R4, the results are shown in Figure 7 (a) (b) (c) (d). As we can see from the comparison of 
the results, there is an obvious correspondence between the curves of entropy and those of cylindricity and  . Especially at 
the positions R1 (30, 40, 50, 60 degrees slant angle) R2 (20, 30, 40, 50, 60 degrees slant angle) R3 (20, 30, 40, 50, 60 degrees 
slant angle) R4 (20, 30, 40, 50, 60 degrees slant angle) P (30, 40, 50, 60, 70, 80, 90 degrees slant angle), CT volume data with 
low entropy values indicates high measurement accuracy, i.e. optimal orientations for those features. At those optimal 
orientations the values of cylindricity and   are sufficiently small. For plane P, as shown in Figure 7 (e), the results are the 
same with those above. The curve of entropy is nearly consistent with those of flatness and  . 

http://www.baidu.com/link?url=7XOiFT5g3vQCTmlz5EVNQkEpCmap-9J8igE_tAbW-0EKJahgulfYuE4bbH0le3vuVJ_hlbpqNFN4BZvBywTcvcob4949UPvPhP3iJYRw7qu
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The above evaluation shows that the proposed method can evaluate the quality of CT volume data and optimize specimen 
orientation accurately. 
 

 
Figure 7: Orientation optimization, curves of entropy, cylindricity, flatness and   (the standard deviation of the image). (a) cylindrical 
surface R1; (b) cylindrical surface R2; (c) cylindrical surface R3; (d) cylindrical surface R4; (e) plane P. 

3.2 Evaluating amount of beam hardening 
Further, voltage that influences CT measurement result is used to evaluate the proposed method. It is known that the beam 
hardening effect becomes weaker with increases in X-ray tube voltage. Figure 8 shows the well known cupping artefact for a 
cylindrical object. It shows that higher source voltage leads to less beam hardening artefact, and the entropy value decreases 
with increases in voltage. This evaluation also shows that the proposed method can evaluate the quality of CT volume data 
accurately. 
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Figure 8: Evaluation of entropy for change of X-ray tube voltage. The specimen is an upright cylindrical object. The right graph shows the 
well known cupping artefact with curves of the CT values along the radial direction of the cylindrical object. 

4  Conclusions 
A new method is proposed to evaluate the quality of CT volume data for dimensional metrology. In the method entropy is used 
as a criterion. The method can be used to optimize scanning parameters to reduce CT artefacts to improve measurement 
accuracy. In the process of optimization, simulation is used. By use of this method, mainly we focus on specimen orientation 
optimization. Further, voltage is used to evaluate the proposed method. Stepped cylinders is used for the evaluation. To 
evaluate the results, we compare the dimensional parameters and   with the entropy values provided by our method. The 
evaluations show that the method can evaluate the quality of CT volume data accurately. In future work, in order to use 
entropy as an evaluation criterion for measurement task specific optimization of CT scanning parameters, study on standard 
optimization flow of scanning parameters for dimensional CT metrology is necessary. And we will do further study on the 
mthod for calculating the size of the blurring area (e.g. use the size of cone beam artefact as reference) to determine the size of 
the entropy zone. 
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