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Abstract 
When X-ray computed tomography is used to measure complex surfaces with internal features, the reconstruction of the 
measured surface is usually represented by a triangular mesh. The roughness surface used to compute areal texture parameters 
is computed by removing the form surface from the measured data. The form surface estimation is based on the point cloud 
represented by the vertices of the mesh. A method to take into account the different spacing between the measured points, 
weighting each point by the areas of its neighbourhood triangles, is presented. The proposed algorithm is compared with the 
standard form estimation method by examining the values of areal texture parameters. The effects of two reconstruction methods 
used during the conversion from the volumetric data to the mesh and the mesh simplification on the texture parameters 
computation are analysed. 
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1 Introduction 
X-ray computed tomography (CT) allows the acquisition of surfaces with complex shapes and internal features with good 
accuracy. The reconstruction process involves two steps: the reconstruction of the volumetric data from the projected images 
and the surface estimation from the volume. 
The characterisation of a surface is usually performed by decomposing the measured data at different scales [1]. The minimum 
possible decomposition is into form (long wavelength component) and the primary surface (the difference between the measured 
data and the form surface). The form surface, often represented by a primitive such as plane, cylinder or sphere, is commonly 
estimated with a total least squares (LS) algorithm: the coefficients are estimated minimising the sum of the squared distance 
between the measured point and the form surface. The surface is then characterised by computing the areal texture parameters. 
Since the output of a CT measurement is a triangular mesh, the texture parameters per ISO 25178-2 [1] cannot be directly 
computed. To characterise all the features of the surface, such as re-entrant features and form surfaces that differ from a plane, 
the parameters proposed in Pagani et al. [2] can be used. 
In this paper, the effect of the surface reconstruction and the sampling on the form and the areal texture parameters estimations 
are investigated. Different from the traditional optical surface measurement techniques the surface data reconstructed from CT 
is represented by a triangular mesh, which means that the data may not be equally spaced. Various methods are available for the 
reconstruction from volume to mesh. In this paper two algorithms are analysed: marching cube (MC) [3] implemented in VTK 
[4] and the adaptive surface reconstruction (AR) implemented in CGAL [5]. The MC method is a fast reconstruction algorithm, 
but it can lead to non-manifold meshes or sliver triangles, i.e. triangles with one or two extremely acute angles, and it usually 
produces mesh with high number of triangles. The AR algorithm is a slower reconstruction method, but the output mesh is a 
Delaunay triangulation which has generally better geometric properties, such as it maximizes the minimum of all the angles of 
the triangles in the triangulation, avoiding triangles with elongated shape. The maximum distance between the implicit surface, 
defined by a grey value of the volume, and the reconstructed surface must be selected by the user. This parameter, called 
precision, is set between one third and one fourth of the voxel size. 
After the surface reconstruction, in order to store the data or speed up some further analysis on the mesh, it may be simplified. 
Simplification means reduce the number of facets of a mesh trying to minimize the distortion from the original model. The 
simplification algorithm presented in Lindstrom et al. [6], implemented in CGAL [7], is employed. The algorithm is divided into 
two stages: collection and collapsing. During the collection stage the cost of removing each edge is computed, while in the 
collapsing stage the edge with lowest cost is removed and the cost of the neighbourhood edges are updated. The cost of an edge 
is computed as the squared distance between the meshes before and after the edge removal. 
The proposed form estimation is presented in section 2, three test cases are analysed in section 3 and in section 4 conclusions are 
given. 

2 Form estimation 
Due to the reconstruction or the simplification step, surfaces reconstructed from CT data are usually anisotropic, i.e. there are 
regions of the surface with denser points to better estimate the portion of the surface with high curvature. These regions can lead 
to a bias in the form estimation if a least squares algorithm is applied, the regions with a high density of points “pull” the form 
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estimation. In order to overcome this issue a weighted least squares (WLS) approach is proposed. A WLS approach allows to 

compute a balanced form fitting. Letβ  be the vector of the parameters defining the form surface, it can be estimated minimising 
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where n  is the total number of measured points,   2 , ,i id x f x β is the square of the distance between the measured point ix

and its projection to the form surface represented by ,if x β and iw is the weight assigned to each individual point. To assign 

to each region of the surface an equal importance the weight is computed as 
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where jA is the area of the j-th triangle,iN  are the triangles in the neighbourhood of the vertex i-th andk is a normalization 

factor such that the sum of all weights adds up to one. In the following sections two types form: planar and cylinder form will 
be analysed. 

2.1 Plane estimation 
The plane estimation with the proposed WLS approach can be computed using the row-weighted principal component analysis. 

Let wμ be the weighted average and wΣ the weighted variance-covariance matrix 
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The plane can be defined through a point on the plane, the weighted mean, and its normal defined by the eigenvector of the 
variance-covariance matrix with the smallest eigenvalue. 

2.2 Cylinder estimation 

To estimate the form surface the orthogonal distance between a measured point and the form surface. Let 0x be a point on the 

cylinder axis, a the normalised axis direction and r the radius of the cylinder, the minimisation problem can be written as 
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The minimisation algorithm was implemented in C++ using the Ceres library [4]. 

3 Test cases 
In this section three test cases are investigated: two additive manufacturing (AM) surfaces and a Rubert casting plate with 
nominal Ra of 50 µm. For each of the scanned volumetric data the following steps are performed: 

1. Surface reconstruction by using MC and AR; 
2. Surface simplification setting the decimation ratio; 
3. Form estimation by using LS and WLS algorithm; 
4. Areal texture parameters computation. 

For each of the analysed surface, the analysed decimation ratio, defined as the ratio between the number of vertices after and 
before the simplification, is defined as a sequence ranging from 1 (no decimation) to 0.2 (the final mesh has 20% of the total 
number of vertices) with a step of 0.1. 
All the test samples were measured with a Nikon XT H 225 industrial CT device, Nikon CT pro [8] was used to reconstruct the 
volume from the projections. 

3.1 AM cylinder 
A cylinder sample built using a selective laser sintering (SLS) AM device is first analysed. The reconstruction with the MC and 
the AR algorithm are shown in figure 1a and 1b respectively. Figures 1c and 1d show a magnification of the reconstructed 
meshes. The reconstructed voxel size was 14.75 µm in x, y, and z directions, the maximum distance allowed in the AR surface 
reconstruction was 3 µm. The total number of vertices were 1723410 by using the MC algorithm, while only 483867 (which is 
less than one third by MC) with the AR. The two surfaces present the signatures of the AM process, such as the layers due to the 
building strategy and the globes on the surface. The two reconstructed surface appears qualitatively similar. 
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(a) MC reconstruction 

 
(b) AR reconstruction 

 
(c) Magnified portion of MC reconstruction 

 
(d) Magnified portion of AR reconstruction 

Figure 1: AM cylinder 

The estimated form surfaces are shown in figure 2, while the estimated radii are reported in figure 3a. It is can be observed that, 
although the difference in the radius estimation is negligible (1.2 µm). An obvious difference exists in the estimation of the 
direction of the cylinder axis with the LS method (see figure 2a), while with the WLS method the two surface almost overlap 
each other (see figure 2b). 

 
(a) LS algorithm 

 
(b) WLS algorithm 

Figure 2: Esitmation of the AM cylinder form surface after the MC (grey) and AR (red) recostructions with the LS and WLS methods 

The estimated areal texture parameters are shown in figures 3b-3i. Since the influence of estimation of the form surfaces with 
the WLS method is negligible, the difference in Sa is due to the surface reconstruction method. The AR method performs a small 
smoothing, controlled by the precision parameter, during the reconstruction process. The Sa value with the AR method is smaller 
than the Sa value with the MC method while it is almost constant as a function of the decimation ratio. The smaller difference 
on the estimation of Sa with the LS methods is due to the different axis direction. The estimation’s difference of Ssk is smaller 
with the WLS method, but the absolute difference is negligible. The differences between the estimations of the other parameters 
is governed by the reconstruction and the simplification algorithms: the differences between LS and WLS curves are almost 
constant. 
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(a)  

(b) 
 

(c) 

   
(d) (e) (f) 

 
(g) 

 
(h) 

 
(i) 

Figure 3: AM cylinder: estimated radius and texutre parameters 

3.2 Portion of lattice structure 
Figure 4 shows an analysed mesh representing a portion of a lattice mesh build with an electron beam melting (EBM) device. 
Voxel size was 3.6 µm in x, y, and z directions, the maximum distance of the AR algorithm was set to 1 µm. Lattice structures 
are widely used for achieving lighter weight and better mechanical properties [9] or for improve biological function such as 
medical othopaedic implants [10]. A portion of the structure with a nominal cylindrical shape was manually segmented. A 
magnification of the reconstruction with the MC and the AR methods are reported in figure 4c and 4d respectively. The MC 
algorithm produces a mesh with 328273 vertices, while the AR algorithm produces 140971 vertices which is more than 50% less 
than the MC method. It should be noted that the reconstruction with the AR algorithm produces bigger triangles in flat part of 
the surface, while the size becomes smaller in region with high curvature. 

 
(a) MC reconstruction 

 
(b) AR reconstruction 
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(c) Magnified portion of MC reconstruction 

 
(d) Magnified portion of AR reconstruction 

Figure 4: Portion of AM lattice structore 

Figure 5 shows the estimated form surface which is a cylinder by using the LS and WLS algorithm respectively. Using the point 
cloud based estimation the differences between the estimated cylinders radii is 4 µm, while applying a weighted approach 
corresponds to 0.4 µm (see figure 6a). It is also possible to observe that the difference in the estimation of the axis direction is 
smaller if a WLS approach is employed. 
 

 
(a) LS algorithm 

 
(a) WLS algorithm 

Figure 5: Esitmation of the portion of lattice structure form surface after the MC (grey) and AR (red) recostructions with the LS and WLS 
methods 

Figures 6b-6i show the estimated texture parameters as a function of the decimation ratio. It is possible to observe that all the 
parameters, except Sdq, are more robust if the WLS form estimation is used. If the LS approach is used the percentage differences 
in the volume core parameters estimation are 8% and 43% for Vmc and Vvc respectively.  These values drop to 1% and 2% with 
the WLS algorithm. 

 
(a) 

 
(b) 

 
(c) 
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(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

 
(i) 

Figure 6: Portion of lattice structure: estimated radius and texutre parameters 

3.3 Rubert plate  
The reconstructions of a portion of a Rubert plate with nominal Ra of 50 µm are shown in figure 7a and 7b, respectively, with 
the MC and AR algorithms. Voxel size was 12.95 µm in x, y, and z direction. The precision of the AR algorithm was set to 3 
µm. The number of vertices after the reconstruction was 2507667 and 160824, respectively, using the MC and the AR algorithm. 
The surface was also measured with the Alicona G4 focus variation (FV) device [11], lateral resolution was 5 µm and vertical 
resolution was 6 µm. The total number or measured points was 4595155. The surface measured with the FV device, reported in 
figure 7c, was measured to show a possible comparison between two measurement devices. Figures 7d, 7e and 7f show a 
magnification of the same portion of the surface reconstructed with the MC and the AR algorithm and the surface measured with 
the FV device. The FV data differs from the other two due to the vertical walls of the features on the surface or due to the re-
entrant features, that cannot be measured; the mesh presents triangles with long edges. 

 
(a) MC reconstruction (b) AR reconstruction 

 
(c) FV measurement 

 
(d) Magnified portion of MC reconstruction 

 
(e) Magnified portion of AR reconstruction 

 
(f) Magnified portion of FV measurement 

Figure 7: Rubert plate 
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 Figures 8b-8i report how the decimation ratio influence the surface texture parameter value with different form estimation and 
different surface reconstruction methods. The values estimated with the WLS algorithm appear more robust as a function of the 
decimation ratio. If  one is interested in the comparison of the roughness parameters, using the LS method, in the worst scenario 
the difference in Sa would be 7.43%, while in the best scenario the difference drop to 0.17%. Using the proposed WLS approach 
the range of all the possible differences are 2.72% and 2.84%, i.e. the result does not depend on the chosen meshes. One should 
note that the difference on the Sdr between the FV and the CT dataset is high, the difference can be explained by the presence of 
the re-entrant features that cannot be measured with an optical device. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

 
(i) 

Figure 8: Rubert plate: estimated distance from the origin and texutre parameters 

4 Conclusions 
A robust form estimation method based on the weighted least squares method was proposed. The area of the neighbourhood 
triangles was used to assign a weight to each reconstructed point. Two surface reconstruction algorithms from volumetric data, 
the marching cube and an adaptive method, were analysed. An investigation on the effect of the mesh simplification performed 
after the reconstruction step was carried out. It was shown that the proposed method minimises the difference between the 
estimated areal texture parameters. 
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