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Abstract 

Nowadays materials with complex inner structures have been gathering attention in the 

manufacturing industry due to their abilities to realize higher stiffness with lighter weight than 

the traditional solid structures, expecting saving the material and improving industrial products’ 

features. For guaranteeing the material’s physical properties, investigating the arrangement of 

the woven strips is necessary. X-ray CT scanning is the best way for this purpose, however, in 

a CT volume, it is a hard problem to properly decompose a woven structure made of a single 

material strips to individual strips. As the first step of such inspection, here we propose an 

algorithm to extract individual strip edges from CT volumes of woven structures. Our algorithm 

first extracts the voxels on the strip edges, compute the directions along the strips at the edge 

voxels, and conducts a watershed decomposition of the CT volume. In this decomposition, 

edges with different directions belong to different watersheds. Finally, the watersheds are 

labelled as “edge” by an operator using a dedicated GUI. We show this algorithm works well  

with a real CT volume. 
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1  Introduction 

In this section, we would like to introduce the current trend of the use of woven structures in industry 

and the issue of realizing the use of these structures. And then, the specific problem to be solved in this 

paper will be mentioned. 

1.1 Background 

X-ray CT scanning is an attractive shape-acquiring technology which enables to obtain the three 

dimensional shape information of an object without damaging the object. The improvement of the 

accuracy of measurements achieved in the last decade made X-ray CT scanning from an observation 

tool to a measurement tool in industrial manufacturing field.  

An output of X-ray CT scanning is a three dimensional image called CT volume, composed by a set of 

voxels. The CT value assigned to each voxel is approximately proportional to the density of the object, 
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thus it is easy to separate two neighbouring parts on a CT volume when they are made of materials with 

different densities. Unfortunately, in a case where the two parts in contact are made of the same material, 

it is difficult to recognize the boundaries between them. 

In the industry field, new types of material called microstructures are about to be used with a large 

expectation of stronger advantages with less weight than the traditional solid materials. These 

advantages are achieved by their inner structures: iteration of almost regular patterns of tiny 3D structure. 

Since microstructures are new types of materials, analyzing their physical properties is an urgent issue 

for a practical use of them. X-ray CT scanning which can observe the complex inside of such a material 

is a promising tool for this purpose. Some algorithms have been proposed for analyzing the orientations 

of fibers inside of an object as CFRP in which the fibers are basically isolated, and show efficiencies 

[1,2]. However, some microstructures have woven structures in which two strips are touching to each 

other in a comparatively wide region, as in the photos of Figure 1. For such materials, separating each 

strip is not an easy task with a straightforward way as thresholding the CT value as shown in the bottom 

right of Figure 1. 

 

Figure 1: Woven structure made of the same material strips and the cross-sections of its CT volume. 

The bottom right image is a result of CT-value thresholding. 

1.2 Problem Statement 

In this paper, we are dealing with objects with woven structures consisting of flat strips. We also 

assume that the object is made of a single material. Although our final goal is extracting tiny 3D 

structures from a CT volume of an entire object, at this point, we would like to 

take a high resolution CT volume of a woven structure as our input. The input CT 

volumes in this paper were parts of CT volumes of daily products with woven 

structures as in the right figure. Our goal is to detect the edges of the strips which 

give good information about the directions of the strips.  
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1.3 Paper Organization 

This paper consists of four sections. In this section, the issue under consideration and its background 

were introduced. Next, our algorithm to solve this issue will be proposed in Section 2. The experimental 

results obtained by the algorithm will be shown in Section 3. The paper will be concluded and the future 

work will be mentioned in Section 4. 

2  Proposed Algorithm 

2.1  Algorithm Overview 

The following summarizes the algorithm whose data flow is visualized in Figure 2. The input of this 

algorithm is a CT volume of a woven strip structure. The algorithm first computes the edge directions 

at each edge voxel in step 1 and 2. And then, the edge-direction field is smoothed in step 3. Finally a 

watershed decomposition of the CT volume is computed and a user manually selects some watersheds 

corresponding to the strip edges in step 4 and 5. Each step will be expanded on in the successive 

subsections. The key idea of edge detection of our algorithm is illustrated in Figure 3. 

 

 

Figure 2: Flow of the proposed algorithm. From left to right, the input CT volume (in volume 

rendering), the detected strip-edge voxels (plausibility is color coded: red means high and blue low), a  

watershed decomposition (boundaries of watersheds are shown with green lines on a cross-sectional 

image), and the detected edges (overlaid on a volume rendering). 
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1. Extract the edge voxels by PCA (principal component analysis) of the gradients of CT 

value at each voxel 

2. Compute the edge directions by PCA of the gradients of CT value at the edge voxels 

3. Smooth the edge-direction field 

4. Compute a hierarchical watershed decomposition of the CT volume based on the edge-

direction field 

5. Extract the edge voxels by manual segmentation of the watershed decomposition 

 

Figure 3: Concept of detecting edges of strip. Volume rendering (top) and a cross section of each data. 

From left to right, the input CT volume, the edge voxels selected in step 1, the height field of Morse 

function for watershed decomposition expressed in a grayscale, and the watershed decomposition 

(green curves) and result of selection (colored regions). The position of the cross-section is shown in 

the top right figure with a white horizontal square. 
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2.2  Extracting edge voxels by PCA of gradients of CT value at each voxel 

As in Figure 4, due to the anisotropic shape of the strip, it is easily recognized that the CT value changes 

in a different manner depending on the observation directions: at a point on an edge of strip, 𝑝𝑝edge, the 

magnitude of the change of the CT value takes the largest value in the direction 𝒗𝒗1  which is 

perpendicular to the surface of the strip, intermediate in the direction 𝒗𝒗2 which is across the strip, and 

the smallest in the direction 𝒗𝒗3 which is parallel to the strip. On the other hand, at a point on the surface 

of strip, 𝑝𝑝surf, the second and the third eigenvalues don’t differ so much. 

These directions of strip, 𝒗𝒗1, 𝒗𝒗2, and  𝒗𝒗3 can be estimated by the principal component analysis (PCA) 

for the gradients of the CT value. The eigenvectors 𝒆𝒆1 to 𝒆𝒆3 (with the eigenvalues 𝜆𝜆1 > 𝜆𝜆2 > 𝜆𝜆3) of 

the gradient of the CT value correspond to 𝒗𝒗1 to 𝒗𝒗3, see Figure 4. Our algorithm first conducts PCA 

for the gradients of the CT value and computes a ratio  𝜆𝜆3 𝜆𝜆2⁄ . The voxels with 𝜆𝜆3 𝜆𝜆2⁄  smaller than a 

user-specified threshold can be considered as edge voxels. An example of the detected edge voxels is 

in the second left figure of Figure 3. 

 

 

 

 

Figure 4: Correlation of the shape of strip and, the eigenvalues and the eigenvectors. The length of 

eigenvectors express the magnitude of eigenvalues. 

2.3  Computing edge directions by PCA of gradients of CT value at edge voxels 

As explained in the previous section, the direction of strip can be approximated by the direction of the 

eigenvector 𝒆𝒆3 with the minimum eigenvalue. Hereafter, the voxel values of non-edge voxels are treated 

as zero, that is, we do not consider the affection of the non-edge voxels anymore. 

Since generally differential values of the CT value are easily affected by the existence of the other 

crossing strips, for improving the accuracy of the detecting direction of the strip, our algorithm 

computes the eigenvectors only at the edge voxels detected in the first step.  
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2.4  Smoothing edge-direction field 

To improve the plausibility, we smooth the field of the vector field of 𝒆𝒆3  obtained in the previous step, 

by an anisotropic diffusion technique [3]. After this smoothing, each voxel is assigned a vector 𝒅𝒅𝑖𝑖 

defined 

 by the following equation. The anisotropic weight 𝑤𝑤𝑗𝑗 is based on the similarity of the direction to a 

neighboring voxel and the third eigenvector 𝒆𝒆3. 

In the above equation, sum is taken over the six neighboring voxels of the 𝑖𝑖-th voxel. The coordinates 

𝒑𝒑𝑗𝑗 and 𝒑𝒑𝑖𝑖 are the centers of the 𝑗𝑗-th neighboring voxel and the voxel under consideration. The value 𝜎𝜎 

was set to two times of the voxel size in our experiments. 

Finally, the diffused vector 𝒅𝒅𝑖𝑖 is projected onto the surface defined by the two eigenvectors 𝒆𝒆2 and 𝒆𝒆3, 

so that 𝒅𝒅𝑖𝑖 becomes parallel to the strip surface. An example of smoothed edge-directions is illustrated 

in Figure 5. 

 

 

 

Figure 5: Direction  𝒅𝒅𝑖𝑖 computed in step 3. The direction is color coded as �𝑑𝑑𝑖𝑖𝑖𝑖 ,𝑑𝑑𝑖𝑖𝑖𝑖,𝑑𝑑𝑖𝑖𝑖𝑖� → (𝑅𝑅,𝐺𝐺,𝐵𝐵). 

2.5  Computing hierarchical watershed decomposition of CT volume 

We construct a watershed decomposition of the domain of the input CT volume. We expect to divide 

the CT volume at the points where the strip edges exist. The decomposition is realized by an unstable 

manifolds [4] which is a variation of Morse complex, of the function defined below: 

  𝑓𝑓(𝑥𝑥𝑖𝑖) = ∑ 𝑤𝑤𝑗𝑗 �1 − �𝒅𝒅𝑖𝑖∙𝒅𝒅𝑖𝑖�

�𝒅𝒅𝑖𝑖�∙�𝒅𝒅𝑗𝑗�
�𝑗𝑗 ∑ 𝑤𝑤𝑗𝑗𝑗𝑗�  .                                            (5) 

 𝒅𝒅𝑖𝑖 ≡ ∑ sign(𝜆𝜆𝑖𝑖2𝒆𝒆𝑖𝑖3 ∙ 𝜆𝜆𝑗𝑗2𝒆𝒆𝑗𝑗3) ∙ 𝑤𝑤𝑗𝑗𝜆𝜆𝑗𝑗2𝒆𝒆𝑗𝑗3𝑗𝑗 ∑ 𝑤𝑤𝑗𝑗𝑗𝑗⁄                                              (1) 

 sign(𝑎𝑎) = � 1 𝑎𝑎 ≥ 0
−1 otherwise                                             (2) 

 𝑤𝑤𝑗𝑗 = exp �− �𝒖𝒖𝑗𝑗∙𝒆𝒆𝑖𝑖3�
2𝜎𝜎2

�                                                     (3) 

𝒖𝒖𝑗𝑗 = 𝒑𝒑𝑖𝑖−𝒑𝒑𝑗𝑗
�𝒑𝒑𝑖𝑖−𝒑𝒑𝑗𝑗�

                                                                (4) 
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Intuitively, the unstable manifold is a concave part of the height map of 𝑓𝑓(𝑥𝑥𝑖𝑖) . We compute a 

hierarchical watershed decomposition with the algorithm in [5].  

An example of the decomposition is shown with green curves in the right image of Figure 3. Note each 

watershed has a three dimensional shape although it looks like two dimensional because it is drawn on 

a cross-sectional image. 

2.6  Extracting the edge voxels by manual segmentation of the watershed decomposition 

Finally, the decomposition is segmented by an operator using a dedicated GUI.  In the GUI, the operator 

looks at a cross-section of the decomposition as the bottom right image of Figure 3, changes LOD of 

the decomposition to be appropriate to extract the edge structures, and selects the watersheds 

corresponding to the edge regions with clicking the watersheds sown on the interface. The selected 

watersheds are labelled as “edge”, and the voxels in these watersheds are also labelled as “edge”. 

3  Results 

An example in Figure 2 shows this algorithm works well for extraction of strip edges. Figure 6 shows 

the advantages of the proposal over (A) shape extraction by thresholding the CT value which is the 

most common way in the industry to obtain the geometry of an object, and (B) watershed decomposition 

of the gradient of the CT value. As in this figure, the proposed algorithm can separate strips even in the 

strip-crossing regions which is a difficulty for the other two approaches. 

4 Conclusion and future work 

We proposed an algorithm to extract the woven strips’ edges separately from its CT volume. This 

algorithm is based on PCA of the gradients of the CT value and watershed decomposition of the domain 

of the input CT volume.  

Our final goal is to extend this algorithm to automatically segment crossing parts. Improving the 

accuracy of the extracted shape and applying it to a more complicated and fine structure is necessary 

for a practical use. Expanding the algorithm so that it can handle a multi-material object is another 

future challenge. 
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Figure 6:  Comparison of the results obtained by the proposed algorithm (center), (A) CT-value 

thresholdinig, and (B) watershed decomposition of the CT value. 
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