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Abstract 

Studies have shown that X-ray computed tomography (XCT) measurements based on algebraic reconstruction technique (ART) 

algorithms require fewer projections than the traditional FDK algorithm, making ART a promising option for reducing 

acquisition time. However, because ART and FDK are based on different reconstruction processes, they may respond quite 

differently to errors in projection data. Among these errors, beam-hardening is particularly critical, as the use of polychromatic 

X-ray beams violates the Beer–Lambert law assumed in reconstruction. Moreover, widely used beam-hardening correction 

(BHC) approaches often rely on user-selected parameters, introducing additional uncertainties into the corrected projections. 

Although the BHC approaches have shown effectiveness combined with the FDK algorithm, it remains unclear whether they 

can support the XCT measurements using ART algorithms, especially when projections are reduced. This study investigates two 

practical BHC approaches on an aluminum prismatic part suffering from beam-hardening effects. The first approach selects an 

optimal preset coefficient for the BHC function from several candidates, while the second applies an automatic self-calibration 

procedure. The ordered-subset simultaneously algebraic reconstruction technique (OS-SART), a representative ART algorithm, 

is used for reconstruction, with the FDK algorithm combined with the first BHC approach serving as a reference representing 

the conventional strategy. The results provide guidance on selecting suitable BHC approaches for XCT measurements using 

ART algorithms, especially in applications where rapid acquisition is required. 

Keywords: X-ray Computed Tomography, Dimensional and geometric measurement, Beam-hardening Correction, Algebraic 
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1    Introduction 

With the development of Industrial X-ray Computed Tomography (XCT) and increasing demands for quality control, XCT is 

increasingly used for dimensional and geometric measurement. One of the main challenges of XCT measurements is the long 

acquisition time. A typical high-resolution scan (e.g., projections with 2000 × 2000 pixels) often requires more than 2000 

projections, leading to acquisition times ranging from tens to hundreds of minutes for a single scan. To speed up the acquisition 

process, studies have explored reducing the number of projections (Np) as a means of shortening the time [1,2]. 

The commonly used reconstruction algorithm, Feldkamp–Davis–Kress (FDK), imposes a lower bound on Np based on the 

Nyquist–Shannon sampling theorem [1]. When Np is reduced below this limit, reconstruction artifacts increase, and the 

measurement accuracy, especially on form deviations, can be significantly degraded [3]. In contrast, algebraic reconstruction 

techniques (ART) offer greater flexibility for under-sampled data. By iteratively reducing the discrepancy between measured 

projections and simulated projections from the estimated volume, ART algorithms can suppress artifacts even when the sampling 

conditions required by FDK are not satisfied [1,4]. Therefore, ART algorithms are often preferred for reconstructions when Np 

is reduced for fast acquisition. 

However, although ART algorithms show promising results in XCT measurement simulations with reduced Np [1], they exhibit 

apparent bias and large variance in measurement results for real-world datasets [5]. This suggests that errors or noise in the 

projection data strongly affects the accuracy of the measurements using ART algorithms. In practice, projection errors come 

from many sources such as response of detector, geometry misalignment, scattering, and beam-hardening. These errors must be 

corrected to ensure reliable measurements. Among these corrections, beam-hardening correction (BHC) shows significant 

influence on the measurement results [6]. However, in general, it still typically relies on manual selection of the optimal 

coefficient preset or parameter level for the BHC function. This introduces an additional uncertainty for XCT measurements. 

Beam-hardening arises from the physics of photon absorption, where photons of different energies are absorbed differently: 

higher energy photons are easier to pass through the object while low energy photons are absorbed. Consequently, the spectrum 

of X-ray beam becomes richer in high-energy photons, which makes the beam harder to attenuate as it penetrates the object. As 

a result, the attenuation of a single material is not linear to the penetration length, which contradicts the assumptions made by 

reconstruction algorithms and leads to artifacts like cupping and streaks [7,8]. When scanning high-attenuation materials or 

objects with large or complex geometries, beam-hardening effects become more pronounced, making BHC critical for obtaining 

reliable measurement results [7]. 
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The widely used BHC method in industrial XCT systems is linearization, in which a BHC function, usually a polynomial, maps 

raw attenuation values to corrected values that are linear to penetration lengths [6]. Commercial software usually provides several 

coefficient presets, and users are expected to select the optimal one based on criteria such as measurement continuity for identical 

features surrounded by different material thicknesses [6] or the reduction of cupping and streak artifacts [9]. 

Beam-hardening correction can also be performed using a self-calibration approach [10]. The approach begins with a preliminary 

reconstruction without BHC, followed by object segmentation to estimate geometry. By reprojecting the segmented binary 

volume, the penetration length at each detector pixel can be obtained, enabling correlation of original attenuation values with 

penetration lengths. After fitting this relationship with a polynomial function and defining the target linear function, the corrected 

attenuation value for any given original attenuation can then be computed [8]. A key advantage of this self-calibrated BHC is 

that it does not require reference artefacts or prior knowledge of the X-ray spectrum. 

Additional BHC approaches, such as using reference artefacts [11,12], dual-energy XCT [13] and reconstruction algorithms 

incorporating polychromatic nature [14], are also developed. However, these approaches require specialized artefacts, dedicated 

hardware, or prior knowledge of the X-ray spectrum, which are less practical for routine industrial applications. 

In this work, we investigated two practical and widely applicable BHC approaches, optimal coefficient preset and self-

calibration, in XCT measurements. The objective is to investigate whether these two BHC approaches can effectively support 

XCT measurements using the ordered-subset simultaneously algebraic reconstruction technique (OS-SART), when Np is 

reduced for fast acquisition. Both size and form deviations are evaluated, with coordinate measuring machine (CMM) 

measurements serving as reference values. 

2    Method 

2.1    Data collection and processing 

A prismatic part with large planes and hole features was scanned in a Phoenix V|tome|x M300 XCT system for 3 replicates, as 

shown in Figure 1. Scan parameters used in this work are listed in Table 1. Before XCT scans, the measurands were calibrated 

by CMM and the calibrated values are presented in Table 2. For each scan, 2016 projection images were collected as full datasets. 

Then, the full datasets were uniformly divided into 1008 subsets and extract the first projection to comprise the datasets with the 

Np reduced to half. For all datasets, median filtering with a 3*3 kernel was performed to reduce the noise. Then, BHC was 

conducted using various approaches.  

 

Figure 1: Experiment configurations. (a) part geometry; (b) X-ray computed tomography system. 

Table 1: XCT scan parameters. 

Scan parameters Setting points 

Voxel size /μm 67 

X-ray tube voltage /kV 280 

X-ray tube current /μA 230 

Exposure time / ms 250 

Average 3 

Number of projections 2016 

Physical filters Cu (1 mm) 

Image resolution 2016×2016 
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FDK and OS-SART algorithms provided by Tigre toolbox were used for the reconstruction [15]. The reconstruction of FDK 

with full dataset serves as a reference for measurement accuracy. Therefore, 3 reconstruction strategies are used in this work: 

FDK with full projections (FDK, 1), OS-SART with full projections (OS-SART, 1), and OS-SART with half projections (OS-

SART, 1/2). The algorithm parameters were selected based on the previous investigation [16]. After reconstruction, surface 

determination was performed in VGStudio Max, with the “advanced (classic)” method [17]. Measurands then were fitted 

respectively in the software, including hole diameters, cylindricity deviations, and flatness deviations. Analysis of variance 

(ANOVA) was conducted to evaluate the measurement results, using errors between XCT and CMM (𝑥𝑋𝐶𝑇 − 𝑥𝐶𝑀𝑀) as the 

response variable. The entire procedure is illustrated in the diagram in Figure 2. 

Table 2: Measurands, calibrated values, and uncertainties (U) for CMM. The uncertainty expansion factor k equals 2. 

Type Measurands Calibrated value /mm U /μm 

Size 

dimensions 

Diameter of hole 1 (D1) 11.975 2.0 

Diameter of hole 2 (D2) 15.062 0.1 

Diameter of hole 3 (D3) 20.017 0.3 

Form 

deviations 

Cylindricity of hole 1 (Cy1) 0.005 0.3 

Cylindricity of hole 2 (Cy2) 0.013 3.0 

Cylindricity of hole 3 (Cy3) 0.026 0.2 

Flatness of plane A (FA) 0.027 2.0 

Flatness of plane B (FB) 0.035 0.4 

Flatness of plane C (FC) 0.023 0.4 

 

Figure 2: Workflow of the XCT measurements. 

2.2    BHC approaches 

The first BHC approach is selecting the optimal coefficient preset provided by CT Pro [9] for the linearization function (Equation 

1), where X denotes the original attenuation value, and Y is the corrected value.  

𝑌 = 𝑎(𝑏 + 𝑐𝑋 + 𝑑𝑋2 + 𝑒𝑋3 + 𝑓𝑋4)                                                                      (1) 

The available coefficient presets are listed in Table 3. Middle slices were reconstructed across the presets. Because the part is 

made of a single material, the optimal preset was determined by examining the uniformity of gray values within the solid and 

the minimal presence of artifacts in the middle slice.  

Table 3 Presets for the beam hardening correction provided by CT Pro [9] 

Parameter Preset1 Preset 2 Preset 3 Preset 4 Preset 5 Preset 6 

a 1 1 1 1 1 1 

b 0 0 0 0 0 0 

c 1 0.75 0.5 0.2 0.1 0 

d 0 0.25 0.5 0.8 0.9 0.2 

e 0 0 0 0 0 0.8 

f 0 0 0 0 0 0 

 

The second BHC approach is called self-calibration [18]. First, a preliminary reconstruction was performed to obtain the volume. 

Second, the volume was converted into a binary volume using ISO50 thresholding [19]. Third, the binary volume was forward 

projected using the TIGRE toolbox to obtain the penetration length map. Each pair consisting of the original polychromatic 

attenuation value (𝐴𝑡𝑃𝑜𝑙𝑦) and its corresponding penetration length (𝑃𝑙) then served as a data point for fitting the 𝐴𝑡𝑃𝑜𝑙𝑦  vs. 𝑃𝑙 

curve. A polynomial function (Equation 2) was used to approximate this relationship: 



15th Conference on Industrial Computed Tomography, Linz, Austria (iCT 2026), www.fh-ooe.at/ict2026 

Copyright 2026 - by the Authors. Licensed under a Creative Commons Attribution 4.0 International License. 

𝐴𝑡𝑃𝑜𝑙𝑦 = 𝑓(𝑃𝑙) =  ∑ 𝐶𝑛𝑃𝑙𝑛

𝑁

𝑛=1

                                                                               (2) 

where 𝑁 is the order of the polynomial. Previous studies employing this approach suggest that 𝑁 should be at least 3 [8,10]. In 

this work, 𝑁 was set to 4. Then, the derivative of 𝑓 at the origin, which equals 𝐶1, was used as the slope of the linear function 

representing the attenuation of an equivalent monochromatic beam [8]. The monochromatic attenuation (𝐴𝑡𝑀𝑜𝑛𝑜) is therefore 

depicted by Equation 3: 

𝐴𝑡𝑀𝑜𝑛𝑜 = 𝑔(𝑃𝑙) = 𝐶1𝑃𝑙                                                                                   (3) 

Accordingly, for any 𝐴𝑡𝑃𝑜𝑙𝑦  in original projections, the corresponding 𝐴𝑡𝑀𝑜𝑛𝑜  can be computed and used as the corrected 

attenuation value.  

3    Results 

3.1    BHC results across reconstruction strategies 

This section performed the two BHC approaches across OS-SART reconstruction strategies. In this work, the FDK algorithm 

with the optimal coefficient preset was used as the reference, as it is a widely adopted strategy for XCT measurements [20]. 

Starting from the first BHC approach, the optimal coefficient preset has to be selected for each reconstruction strategy. Figure 3 

shows the middle slices reconstructed using the FDK algorithm with different coefficient presets, together with the corresponding 

gray-value profiles along lines passing through the solid region. Among all presets, preset 2 exhibits the fewest artifacts, and its 

gray-value profiles demonstrate the highest degree of uniformity. This indicates that preset 2 is the optimal choice for FDK 

among the six presets provided by the software. 

Figure 4 and Figure 5 present the middle slices reconstructed using the OS-SART algorithm with full and half projections, 

respectively. Results indicate that preset 2 yields the optimal BHC effects for OS-SART with both full and half projections, as 

fewer artifacts and higher uniformity of gray values are observed. Thus, preset 2 was selected as the optimal coefficient preset 

for OS-SART reconstructions. 

 

Figure 3: Middle slices from FDK across coefficient presets and gray values along the dash lines passing through the solid. 

 

Figure 4: Middle slices from OS-SART with full projections across coefficient presets and gray values along the dash lines passing through 

the solid. 
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Figure 5: Middle slices from OS-SART with half projections across coefficient presets and gray values along the dash lines passing through 

the solid. 

The second BHC approach, self-calibration, was applied only to the OS-SART reconstructions. In this approach, the 𝐴𝑡𝑃𝑜𝑙𝑦  vs. 

𝑃𝑙 curve was fitted after reprojecting the preliminary OS-SART reconstruction. The resulting polynomial curves are shown in 

Figure 6. The fitted results clearly demonstrate that the relationship between attenuation and penetration length is nonlinear. 

Moreover, the use of a reduced number of projections (half projections) does not noticeably affect the fitted curve. For instance, 

at the penetration thickness of 50, the difference between the curves obtained from OS-SART with full projections and half 

projections is less than 0.2%.  

 

Figure 6: The fitted 𝐴𝑡𝑃𝑜𝑙𝑦 vs. 𝑃𝑙 curves for OS-SART using full projections and half projections. The left plot shows both curves over the 

entire penetration length range, while the right plot presents a magnified view of the region highlighted by the rectangle in the left plot.  

Figure 7 shows the reconstructed middle slices together with the gray value profiles along a line passing through the solid region. 

When using the optimal coefficient preset, noticeable artifacts remain visible in the OS-SART reconstructions. Similar artifacts 

are also present in the FDK middle slice (Figure 3), indicating that preset-based BHC does not fully eliminate beam-hardening 

effects in either reconstruction method. With half projections, OS-SART yields a gray value distribution that is similar to the full 

projection result, although the profiles reveal increased random noise, as expected from lower sampling. 

 

Figure 7: Middle slices across two BHC approaches. The second row presets the gray values along the yellow dash lines in the middle slices. 

The numerical values indicate the variation along the gray value profiles. 
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In contrast, the self-calibration BHC produces middle slices with apparently fewer artifacts (at the right-bottom corner). This 

indicates that the self-calibration approach may improve the fidelity of the reconstructed volume and contribute to lower 

measurement errors. However, the gray-value profiles show greater variation (defined as the difference between the maximum 

and minimum values within the solid region, as indicated by the red dashed lines) compared with those obtained using the optimal 

coefficient preset. 

3.2    Measurement results 

Measurement results on the hole diameters, cylindricity deviations, and flatness deviations are presented in Figure 8, Figure 9, 

and Figure 10, respectively. The results of FDK with the optimal coefficient preset were used as a reference of the conventional 

XCT measurement accuracy. Figure 8 shows that for FDK with the optimal coefficient preset, mean measurement errors from 

XCT to CMM are lower than 15 μm, in which the maximum mean error appears on D1 and the minimum mean error happens 

on D2 (4.0 μm). Compared with FDK, OS-SART with the same BHC yields the same trend but higher measurement error and 

standard deviations on each diameter. With the BHC of self-calibration, mean measurement error of D1 is reduced while the 

mean error of D2 is increased.  

ANOVA of diameter measurement results show that measurement strategy significantly influences the measurement results. 

Tukey comparison results presented in Table 4 indicate that using OS-SART with full projections can achieve comparable 

measurement results to FDK. Using OS-SART with halved projections, neither BHC approach can provide measurement results 

comparable to FDK. 

 

Figure 8: Measurement results of diameters across reconstruction strategies and BHC approaches. 

 

Table 4: Tukey comparison of measurement results on diameters. Opt denotes optimal coefficient preset approach, and Sc denotes the self-

calibration approach. 

Strategy Mean (mm) Grouping 

OS-SART, 1/2, Opt 15.0 A  

OS-SART, 1/2, Sc 14.5 A  

OS-SART, 1, Opt 13.5 A B 

OS-SART, 1, Sc 13.4 A B 

FDK, Opt 7.4  B 

 

Figure 9 presents the measurement results of cylindricity deviations. FDK with the optimal coefficient preset provides mean 

measurement errors of 63.8 μm, 133.1 μm, and 130.1 μm on Cy1, Cy2, and Cy3, respectively.  With the same BHC, OS-SART 

with full projections provides the same trend but lower mean errors on Cy2 (109.5 μm) and Cy3 (99.5 μm). Using self-calibration 

BHC, mean errors are reduced. For both BHC approaches, reducing projections cause higher mean measurement errors for all 

cylindricity deviations, but the results are comparable with FDK if self-calibration is used. 

ANOVA shows that measurement strategy significantly influences the measurement results. Tukey comparison results presented 

in Table 5 indicate that using self-calibration, OS-SART with full projections provides the minimum measurement errors that 

are significantly lower than FDK. With half-projections, OS-SART using both BHC approaches can achieve measurement errors 

comparable to FDK. 
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Figure 9: Measurement results of cylindricity deviations across reconstruction strategies and BHC approaches. 

Table 5: Tukey comparison of measurement results on cylindricity deviations. Opt denotes optimal coefficient preset approach, and Sc 

denotes the self-calibration approach. 

Strategy Mean (mm) Grouping 

OS-SART, 1/2, Opt 117.6 A   

FDK, Opt 109.0 A B  

OS-SART, 1, Opt 94.1  B C 

OS-SART, 1/2, Sc  92.9  B C 

OS-SART, 1, Sc 76.1   C 

 

Measurement results of flatness deviations are shown in Figure 10. For FDK with the optimal coefficient preset, the measurement 

error on FA, FB, and FC are 43.8 μm, 90.0 μm, and 76.8 μm, respectively. Using the same BHC, OS-SART with full projections 

provides higher mean errors on three measurands, especially on FB (151.6 μm) and FC (106.2 μm). With half projections, the 

measurement errors are further increased. Using self-calibration can reduce the measurement errors on FB but increases the 

errors on FA. ANOVA also shows that measurement strategy significantly influences the measurement results. Tukey 

comparison results presented in Table 6 indicates that OS-SART cannot provide comparable measurement results to FDK. Either 

Np or BHC approach does not significantly influence the result of OS-SART. 

 

Figure 10: Measurement results of flatness deviations across reconstruction strategies and BHC approaches. 

Table 6: Tukey comparison of measurement results on flatness deviations. Opt denotes optimal coefficient preset approach, and Sc denotes 

the self-calibration approach. 

Strategy Mean (mm) Grouping 

OS-SART, 1/2, Opt 126.2 A  

OS-SART, 1/2, Sc 121.0 A  

OS-SART, 1, Opt 101.7 A  

OS-SART, 1, Sc 100.9 A  

FDK, Opt 70.2  B 
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3.3    Point cloud inspection 

The measurement results of flatness deviations indicate that OS-SART yields higher measurement error than FDK. Regarding 

BHC approaches, self-calibration reduces the mean errors and standard deviations of FB and FC but increases the mean error 

and standard deviation of FA. To figure out the reason for these different trends, point clouds of plane A and plane C were 

extracted from the surface points generated after surface determination. Figure 11 shows the point clouds of plane A. For FDK, 

the surface profile appears smooth, and no obvious deformation is observed. For OS-SART using the optimal coefficient preset, 

larger deviations can be observed in areas close to hole edges. For OS-SART using self-calibration, noticeable deformations 

occur in areas close to plane edges.  

 

Figure 11: Point clouds of plane A and deviations along the fitted plane normal. The first row shows the deviations along the fitted plane 

normal from a side view. The second row illustrates the distribution of deviations in plane A, with the colormap indicating deviation values 

in millimeters. mark the locations corresponding to the deformation observed in the point clouds. 

Figure 12 presets the point clouds of plane C. For FDK, the point distribution along the plane normal is uniform, showing a 

relatively flat surface. No obvious deformation was observed in the point cloud. However, for OS-SART, although the two BHC 

approaches provide similar measurement errors on FC, the point clouds of two approaches present different deformations. For 

OS-SART using the optimal coefficient preset, significant deformation is observed at left and right sides. The colormap in the 

top view further indicates that these deformations occur along the left edge and near the right-bottom corner. For OS-SART 

using self-calibration, the point cloud is noticeably bent, leading to a larger flatness deviation than that obtained from FDK.  

 

Figure 12: Point clouds of plane C and deviations along the fitted plane normal. The first row shows the deviations along the fitted plane 

normal from a side view. The second row illustrates the distribution of deviations in plane C, with the colormap indicating deviation values 

in millimeters. mark the locations corresponding to the deformation observed in the point clouds. 
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4    Discussion and conclusions 

This work investigates the performance of two practical BHC approaches, optimal coefficient preset and self-calibration, for 

XCT dimensional and geometric measurements using OS-SART reconstruction algorithm with reduced projections. FDK 

reconstruction with full projections and an optimal coefficient preset for BHC serves as the reference. 

The findings show that, using the optimal coefficient preset for BHC, OS-SART with reduced Np fails to achieve measurement 

accuracy comparable to FDK for most measurands. For measuring flatness deviations of large planes, OS-SART exhibits larger 

errors than FDK even when full projections are used. Point-cloud analyses indicate that these errors mainly originate from areas 

close to hole edges or plane edges. As discussed in Section 1, the filtering and back-projection operations in FDK tend to mitigate 

projection inconsistencies, whereas OS-SART relies on the fidelity of projection data when tuning the results to match projection 

values. As a result, OS-SART is stricter with the accuracy of the coefficients for BHC function.  

Compared with using an optimal coefficient preset, self-calibration can be performed automatically without user intervention, 

reducing uncertainty introduced by manual preset selection. However, measurement results show that for OS-SART with a 

reduced Np, although self-calibration improves the results relative to using the optimal preset coefficient, it still does not achieve 

the measurement accuracy comparable to FDK. This indicates that these two BHC approaches are not sufficient to support XCT 

measurements using OS-SART algorithms. More suitable BHC methods should therefore be proposed and evaluated to better 

serve ART algorithms for fast acquisition. 
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