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Abstract. In order to verify specification compliance, some applications in metrology 

use industrial computed tomography to extract a surface mesh from a reconstructed 

tomogram. Surface information validity relies on a high-resolution tomogram of good 

quality. In order to satisfy the sampling theorem and fulfill the tomogram 

requirements, many images need to be acquired at densely sampled projection angles.  

 The method proposed in this paper reconstructs an object representation in free 

3D space without the use of a tomogram. Instead, the information, which describes 

the surface of the object, is detected in the projection images by an edge detection 

algorithm. The detected edges are converted to Cartesian coordinates and transformed 

from the detector coordinates into the object coordinate system by considering the 

system geometry at the moment of acquisition for the corresponding projection image. 

During the reconstruction, two projection images are drawn from an acquired set. For 

these projection geometries, the x-rays from the source to the coordinates of the edges 

are calculated. The center point between two rays from different projection geometries 

is calculated for all rays passing each other in near distance. These coordinates mark 

folds in the surface and indicate the object’s shape.  

The proposed method divides into the detection of the projected edge vertices 

and into the reconstruction of edge vertices by ray-tracing. In this paper the two 

methods are evaluated separately. It was shown that the edges in the surface of an 

object can be reconstructed from ideally projected edge vertices. Furthermore, it was 

shown, that a Canny edge detection algorithm is capable of localizing projected 

vertices within pixel precision. Therefore, the concept has potential for a tomogram-

less reconstruction and dimensional evaluation from few projections. 

1 Introduction  

Computed tomography (CT) has long since proven its suitability in nondestructive testing 

and dimensional measurement in industrial context. It is often used to determine if 

components satisfy or deviate from defined specifications. A high accuracy during this 

measurement demands – beside a precise knowledge of the system geometry, high image 

quality, low noise levels, and other factors – for high resolution of the projection image as 

well as the tomogram. Standard reconstruction approaches like filtered backprojection (FBP) 

or algebraic reconstruction technique require a densely sampled scan trajectory in order to 
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satisfy sampling theorem and avoid artefacts [1]. High-resolution tomograms therefore lead 

to an increased scan time and time consuming reconstructions.  

Besides the wish for high accuracy, the time for measuring the manufactured product 

should be as short as possible. Especially in cases where CT will be used for in-line 

inspection, time is critical. From the delineations above it is easy to see that both demands 

contradict each other when classical reconstruction algorithms are used. Motivated by this, 

Jinnouchi et al. introduced a new approach that drastically reduces the number of required 

projection images compared to ordinary algorithms [2]. The approach takes advantage of the 

fact that scan objects in industrial CT consist of fewer materials and often have a simpler 

geometry than their medical counterpart. Furthermore, industrial objects often provide edges 

or folds in the surface, which characterize parts of the object clearly. Jinnouchi et al. refer to 

these folds as creases. The creases are reconstructed by the following pipeline: 1) performing 

edge detection on projection images in order to locate the projection of creases and binarize 

the result, 2)  reconstruction of a tomogram using the reconstruction algorithm published by 

Feldkamp et al. [3], 3) searching for bright voxels in the tomogram utilizing thresholding, 

and 4) extracting a coordinate for the crease coordinate by interpolating from the grey values 

of the voxel and its vicinity [2].  

The approach described above successfully reduces the number of necessary 

projections, while increasing the accuracy of the crease position. However, the approach 

extracts the crease coordinates from the voxels, which is vulnerable to be blurred or to suffer 

from partial volume artefacts. The present paper aims to overcome these drawbacks by 

replacing the tomogram-based reconstruction with a clustering approach, in order to directly 

reconstruct the crease location in the 3D space.  

 

Fig.1. Two rays in 3D space – in the graphic accompanied by their planes, which are orthogonal to the base 

grid – pass each other rather than they intersect. The dots on the rays mark points on them, which have the 

closest distance to the other plane. The midpoint marks the center between these two points and has minimum 

distance to both rays. The midpoint is a good approximation for an intersection of two passing rays. 

2 Material and Methods 

The subsequent section introduces a vertex reconstruction method, which localizes edge 

vertices in 3D space. This method uses a raytracing approach and ideally projected vertices 

from two different scan geometries. Such a reconstruction requires to extract the location of 

the projected edge vertices from projection images. Section 2.2 describes a methodology to 

evaluate, if an edge detection algorithm complies with the needs. Furthermore, an 

experimental setup is described by which the methods are evaluated for two different objects.  

2.1 Vertex Reconstruction 

This approach calculates the edge vertices from a pair of two projection geometries �� and 

�� and the corresponding projection images. The projection geometries consist of 
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coordinates and orientations of the source �, the detector �, and the scanned object. For this 

section it is assumed that the location of the projected vertices is ideally extracted from the 

projection images, resulting in two sets of projected vertices ��,�	
 and ��,�


, with �� ∈ � 

and �� ∈ �, where � ∈ � and � ∈ � represent the number of projected vertices. 

Drawn from the assumption of correctly detected vertices, a vertex of the object’s 

edge must be positioned along the ray path from the source �� to this projected edge vertex 

��,�	
. The same edge vertex will be detected in the projection image acquired under the 

projection geometry �� . In an ideal system, a second ray from the second source position �� 

to ��,�

 will intersect with the previously mentioned ray at the location of the object’s edge 

vertex. However, this assumption will not hold if the discretization of the detector limits the 

accuracy of the edge detection. Due to this and additional numerical inaccuracies during the 

intersection calculation it is unlikely that two rays in 3D space will intersect. Therefore, the 

algorithm does not check for line intersections, but calculates a midpoint between the lines. 

This midpoint is located at the center between two points, where both of them are positioned 

along one of the rays and closest to the other ray (compare Fig. 1). From this definition, it 

can be derived that the distance between these two points is minimal for any two points from 

two different rays, as long as the rays are neither parallel nor colinear. The midpoint between 

these two points has the same distance to each of the rays, indicating the position with the 

smallest distance to both rays. Thus, it is the point that comes closest to an intersection. 

Therefore, throughout the text, this coordinate is also referred to as ray intersection. Under 

the assumption that the projected edge vertices ��,� and ��,� originate from the same point 

on an object edge, the ray from the source �� to the projected edge vertex ��,� and the ray 

from the source �� to the projected edge vertex ��,� are calculated (see Fig. 2). The midpoint 

between the two rays, which indicates the measured location of an object edge, is calculated.  

 

Fig. 2. The cube (5) represents a scan object, which is scanned under two geometries. The midpoint between 

two closest rays from source (1) to the projection of the edge vertex (3) in the projection (2) marks a potential 

edge location (6).  

Given two different scan geometries, the information on corresponding projected 

edge vertices is not available. However, it is likely, that the rays of projection vertices that 

originate from the same edge vertex will pass by closely. Therefore, for each projected vertex 

of the scan geometry �� a ray ��,�	
 is calculated. Furthermore, for every ��,�	

, its midpoint 

to every ray ��,�

of the scan geometry �� is computed. Only the midpoint with the smallest 

distance to its rays is stored from the whole set of calculated midpoints. This coordinate is 

assumed to indicate an object edge vertex.  
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2.2 Detection of Projected Vertices 

The positions of the projected vertices need to be extracted from the projection images. 

Strong changes in the surface curvature result in steep gradients in the gray values of 

neighboring pixels in the projection image. Therefore, edge detection algorithms might be 

suitable to localize pixels containing the projection of object edges. The Canny edge 

detection algorithm is used exemplary for the detection of projected edge vertices [4]. 

Therefore, a projection image is acquired under a certain scan geometry using the method 

described in section 2.3.1. The acquired projection image is filtered with the Canny edge 

algorithm using an upper threshold of 31.25% and a lower threshold of 7.81% based on the 

initial maximal gray value of the image. Those pixels, which are marked as ‘edges’ are 

converted to coordinates. The vertices of the object are ideally projected onto the detector, 

as described in the section 2.3.2. The coordinates from the edge detection and the coordinates 

of the projected vertices will be compared for similarity as described in the section 2.4.2. 

2.3 Experimental Setup 

The underlying methodology of data acquisition for the vertex reconstruction and the 

detection of projected vertices are similar and therefore described in this section in detail.  

A tomogram-less approach, which aims to reconstruct the edges of an object demands 

for an accurate localization of these edges in the projection images. In order to evaluate the 

suitability of an edge detection algorithm to accomplish this task, detected edges must be 

compared with the location of the ideally projected vertices (see section 2.3.4). Inaccuracies 

between the scan geometries of the radiographic image and the ideal vertex projection may 

result in distinct systematic errors. The proposed procedure avoids this error source by 

relying on simulated radiographic images and projecting the vertices of the digital phantom 

with the same scan geometry. In this way, the ideally projected vertices can be superimposed 

on the projection image. The simulation of the CT scan is described in section 2.3.1, whereas 

the projection of the ideal edge vertices is characterized in section 2.3.2. An explanation of 

the used scan trajectory concludes the experimental setup. 

 

2.3.1 Simulated CT Scan 

A virtual projection image of the step-wedge and the step-cylinder is performed using the 

program aRTist 2.10 [5]. It calculates the x-ray path from the focus of the source through the 

object to the detector elements. Based on the material density, the x-ray energy, the exposure 

time, and by simulating noise as well as scatter the program calculates projection images. In 

this first study, the simulation complexity was reduced by choosing a very low noise level 

and a point source in favor of a high-quality image. For each scan geometry defined by the 

trajectory in section 2.3.3, the source, object and detector were positioned, and a projection 

image was calculated. 

 

2.3.2 Ideal Vertex Projection 

The edge vertices �, which define the structure of the object, are given in 3D homogeneous 

coordinates. These homogeneous coordinates can be projected onto a plane, or, in this case, 

onto the detector by multiplication with a projection matrix designed according to the scan 

geometry. Along the central beam from the source to the detector different vertices can be 

positioned either closer to the source or to the detector. Due to the cone beam characteristic, 

these differences in the position lead to different magnifications of the points. The projection 

matrix takes these facts into account and projects the vertices onto the detector so that the 
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source, the object’s vertices and the coordinate of the projected vertices are colinear. For each 

scan geometry (see section 2.3.3) the vertices of the object are projected onto the detector 

plane. In Fig. 5 a) and b) the projected vertices of the ideal model are superimposed to the 

vertices extracted from the projection image acquired using aRTist; as described above. 

 

 
Fig. 3. Spherical coordinates are defined by an azimuthal angle �, by a polar angle � and by a radius �. When 

the centre of the scanned object is located at the origin and � is set to the object-detector-distance these 

coordinates can be used to rotate a source and a detector about the origin of an object. Like standard circle 

trajectories the detector is rotated by a read-out angle, or in this case the polar angle. The azimuthal angle 

however lifts the rotation plane out of the �-�-plane.  

 

2.3.3 Trajectory 

Whereas in most industrial CT use-cases the source and detector are steady with a 

displaceable object or manipulator, the trajectory used in this study positions the source and 

the detector relatively to a steady object. This definition will support the description of the 

vertex reconstruction. The trajectory is based on a stable system geometry with the same 

distance for the focus-object-distance and for the object-detector-distance. This results in a 

magnification of 2. The source and the detector are rotated about the object center based on 

spherical coordinates and extend a standard circular trajectory to with out of plane rotations. 

The final orientation of source and detector is determined by the azimuthal and the polar 

angle. The azimuthal angle lifts the rotation plane out of the �-�-plane. Further, the source 

and the detector are rotated around the object along a circular trajectory by the polar angle in 

the plane defined by the azimuthal angle. Fig. 3 depicts, the azimuthal angle � ∈ �0,180  and 

the polar angle � ∈ �0,360 .  

The vertex reconstruction calculates the edge vertex positions based on scan geometry 

pairs (�� and ��), which are defined by the azimuthal and the polar angle. Table 1 lists 5 

different parameter sets, for which the reconstruction is evaluated. 

Table 1. Randomly chosen azimuthal and polar angles which define distinct scan geometries based on 

spherical coordinates. 

Experiment 

Number 

Scan Geometry 

"# "$ 

Azimuthal Angle 

in Degrees 

Polar Angle in 

Degrees 

Azimuthal Angle 

in Degrees 

Polar Angle in 

Degrees 

1 138.191 145.50 29.88 177.31 

2 19.62 110.41 144.39 80.20 

3 40.50 4.03 137.77 5.17 

4 1.36 183.61 68.78 50.29 

5 126.56 84.72 131.64 16.02 
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2.3.4 Scanned Objects 

The evaluation was performed on two different digital phantoms. A step-wedge and a step-

cylinder were designed. Both objects provide areas with a strong surface curvature in a 

narrow region compared to the rest of the object. The step-wedge (compare Fig. 4) only 

consists of planar faces and the strong edges in the surface along the corners. The step-

cylinder additionally provides areas with in-between curvature along the circular shape. The 

models were specified in such a way, that vertices are only positioned along the strongest 

surface curvature. Under the use of a virtual flat-panel CT geometry, the projected positions 

of these vertices, and thereby the location of the surface-edges, on a projection image can be 

determined. In order to evaluate the methods described below with sub-pixel precision, the 

vertices along the surface edges are positioned very densely. The number of vertices was 

chosen in such a way, that adjacent vertices in the 3D phantom are projected either into the 

same detector element or into directly adjacent detector elements. The strategic and narrow 

positioning of the vertices for both test objects is represented in Fig. 4. The vertices are 

represented by small orange spheres. 

 
 

Fig. 4. A digital step-wedge and a step-cylinder are designed. The vertices (orange spheres) are densely 

positioned at the edges of objects, which is visualized in the magnified areas.  

2.4 Evaluation 

The evaluation method of the vertex reconstruction and the detection of the projected vertices 

is characterized in the following sub-sections. 

 

2.4.1 Vertex Reconstruction 

The section 2.1 describes a method to reconstruct edge vertices. In order to evaluate this 

approach under the condition of ideally detected projected vertices, scans of a step-wedge 

and a step-cylinder are simulated with each projection geometry pair (�� , ��  listed in Table 

1. Afterwards, the object edges are reconstructed using the vertex reconstruction. The 

Hausdorff distance is calculated between the point cloud of reconstructed edge vertices and 

the vertices of the digital reference model [6]. This measure calculates the minimum distance 

for all points in a point cloud % to any point of a point cloud &. The mean or the maximum 

distance of all the points in % to all the points in & is a measure for the similarity of the point 

clouds, whereby a small maximum distance indicates high similarity. As the Hausdorff 

distance from point cloud % to point cloud & may differ from the results of the Hausdorff 

distance from point cloud & to point cloud %, both alternatives are evaluated.  

 



7 

2.4.2 Detection of Projected Vertices 

The methods described in section 2.2 result in two point clouds, of which each point 

represents a projected edge vertex. The Hausdorff distance is used to evaluate the similarity 

between ideally projected vertices and the vertices extracted from the projection images. This 

procedure is performed for the step-wedge and the step-cylinder with the 10 different scan 

geometries defined in Table 1. 

3 Results and Discussion 

Fig. 5 shows the mean and maximum values of the Hausdorff distances for the performed 

experiments. The following sections describe the results for the vertex reconstruction and the 

detection of projected vertices separately.  

3.1 Vertex Reconstruction 

The Hausdorff distances of the vertex reconstruction result for the step-wedge are shown in 

Fig. 5 c). For the scan geometry pairs �'
�,�

 and �(
�,�

 the maximum distances from the 

reconstructed point cloud to the reference point cloud were excluded as the reconstructed 

point cloud showed a single isolated outlier, distorting the results. These outliers most likely 

emerged from two rays, originating from different edge vertices, bypassing each other in near 

vicinity. The mean distance, which is more robust to outliers, is in the range of 0.42 pixels 

and 1.51 pixels for the step-wedge. Fig. 5 d) shows the results for the step-cylinder. The 

Hausdorff distances for both measurement directions (reference to reconstructed and 

reconstructed to reference) have the same values. Therefore, all reconstructed vertices were 

closest to their ideal edge vertex counterpart. Comparing the Hausdorff distances between c) 

and d) in reference to the scan geometries reveals, that the results of �'
�,�

 and �(
�,�

 deviate 

from the results of �)
�,�

, �*
�,�

 and �+
�,�

 similarly. This indicates, that the pairing of the scan 

geometries has an impact on the reconstruction quality. Overall, the mean value of the 

Hausdorff distance from the ideal edge vertices to the reconstructed vertices is within pixel 

accuracy and therefore comparable to tomogram-based approaches [2].  

3.2 Detection of Projected Vertices 

Fig. 5 e) and f) show the similarity between the ideally projected vertices and the vertices 

detected by the Canny edge algorithm. For the step-wedge (see Fig.5 e) no significant 

differences between the distance measurement direction can be observed. The maximum 

difference is around 2.0 pixels, whereas the mean difference is between 0.72 pixels and 

0.82 pixels. These stable results indicate, that in the vicinity of a detected edge a real and 

ideally projected vertex is located. The demand of the reconstruction for accurately detected 

vertices is therefore fulfilled. 

The maximum distances for the step-cylinder, especially for the distance from the 

Canny edge-based to the ideally projected vertices is about one order of magnitude higher. 

The reason for these large distances are the transition areas between the round faces of the 

cylinder and the background of the projection image. The image processing algorithm detects 

edges along these faces, whereas the model does not provide vertices here. These additionally 

found vertices induce the increased error. Future versions of the reconstruction algorithm 

therefore need to be able to handle false-positive edge vertices. 
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Fig. 5. The figures a, c and e show the results of the step-wedge and the figures b, d and f show the results for 

the step-cylinder. In a) and b) a section of the ideally projected vertices (orange) and the vertices extracted 

from the projection image (blue) are superimposed. The plots of c and d show the Hausdorff distances for the 

edge vertex reconstruction (compare section 2.1). The plots of e and f show the Hausdorff distances between 

the ideally projected and the extracted vertices (see section 2.2).  

4 Conclusion 

In this study, it has been shown that the 3D position of an object edge vertex can be 

reconstructed using a ray-tracing approach with two different scan geometries, if the 

coordinates of the projected edges are known. Further, it has been demonstrated that edge 

detection algorithms are suitable to detect the projected vertices within pixel precision. The 

performance of the projection vertex detection might be improved further by sub-pixel 
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precise edge detection algorithm. The uncertainty in the localization of the projected vertices 

will lead to inaccuracies in the vertex reconstruction. This drawback might be conquered by 

reconstructing projection vertices from multiple scan geometries and combining the partial 

results by a method like the one described in [7]. The two parts of the proposed method 

showed satisfying results and plausibility for a tomogram-less reconstruction approach. In 

further studies the two parts will be merged to a fully tomogram-less reconstruction method 

and compared to state-of-the-art tomogram-based methods. 
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