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Abstract X-ray CT scanning is recently becoming a popular technology for industrial applications as well
as medical ones. Since the geometrical accuracy is often important for industrial applications, more precise
methods for processing CT volumes are required. This paper proposes a method for extracting the multi-
material interfaces on CT volumes obtained by industrial CT scanners. Instead of extracting isosurfaces we
detect edge-points, at which the norm of the volume gradient takes a local maximum in the gradient direction,
and then interpolate the points as the material interfaces represented by the zero-level of compounded implicit
functions. In order to achieve a robust material-identification, multilabel graph-cut is utilized in our method.

Using edge-points, we can reduce the inaccuracy caused by CT scanning artifacts.
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1 Introduction

X-ray CT (Computed Tomography) scanning is a convenient for capturing the geometry of a real-world
object with complex topology, as demonstrated in Figure 1. Because of the convenience, CT scanning is
recently becoming a popular technology for industrial applications.

It is generally said that the geometrical accuracy of the 3D shapes obtained by CT scanning is not so

high as one of surface scanning, though the accuracy is often important for industrial applications. Thus,
more researches on the precise geometry processing of CT scanned data (CT volumes) are now desired.
In this paper, we focus on extracting accurate interfaces of multi-materials on industrial CT volumes.
e Conventional interface extraction. Conventionally, the interfaces of the different materials on a
CT volume are simply extracted as isosurfaces (thresholding of CT values) [1]. However, this simple
extraction is not robust to CT scanning artifacts [2]. As shown in Figure 2, a blurring effect prevents a
correct extraction of multi-material interfaces with thresholding because intermediate values exist between
high and low values. Ideally, CT values are constant for an object with a uniform material, but this is
not true in real situations. If CT values have oscillations as shown in Figure 3, then the isosurface has
distortion.
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e Our approach. To solve the problem on the conventional interface extraction, we propose to define
multi-material interfaces as a set of edge-points at which the norm of the volume gradient takes a local
maximum along the gradient direction. Mathematically, the following two conditions are satisfied at
edge-points: ,
olg@| _,  Pla@)| _ "
de(x) de(x)?
where a scalar field I(x) corresponds to the CT values on a volume at point x, gradient g(x) = VI(x),
and e(x) is the normalized gradient g(x)/|g(x)|. By using a set of edge-points, we can solve the problems
of isosurfacing. In Figure 2, extra-interfaces do not appear on the interface between the white and black
materials since only single layer of edge-points exist between the interface. In Figure 3, an interface
without large distortion can be obtained because small oscillations of CT values do not move the edge-
points.

In order to develop a novel method for extracting multi-material interfaces with interpolating edge-
points, we combine the existing algorithms as building blocks; edge detection, data segmentation, surface
reconstruction, and multi-material polygonization. In Section 2, we mention related work for our method.
The detail of our method is described in Section 3. In Section 4, we show the effectiveness and discuss
the problems.

2 Related work

In this section, we mention methods which are selected as the building blocks in our method and their
related work.

e Edge detection. Edges on 2D images (scalar data sampled at a 2D regular grid) has intensively
been studied in image processing. As introduced in [3], there are several definitions of image edges.
Definition (1) used in our work was proposed by Canny [4], and one of the most popular method.
Canny’s edge detector is easy to extend to 3D images (volumes) [5]. In this work, we compute sub-voxel
size accurate edge-points based on Canny’s edge detector, and then interpolate the points after identifying
the materials. The detail of our algorithm of edge detection is described in Subsection 3.2.

e Data segmentation. Data segmentation based on the graph based approach is widely used in both
of image and geometry processing. The binary graph-cut [6] was proposed by Boykov et al., then they
extended it for multilabel cases [7]. Because of its global optimization nature, the multilabel graph-cut
can robustly segment low-quality data. In our work, CT volumes are typically corrupted by artifacts;
thus we select the multilabel graph-cut for the material identifications as explained in Subsection 3.3.

e Surface reconstruction. Reconstructing a surface form scattered points in 3D has intensively been
studied in geometry processing and still an active research topic [8,9] (see also references therein). The
methods are utilized to interpolate the edge-points in our method. However, it is difficult to directly
apply most of surface reconstruction methods because they are designed to output 2-manifolds, as while
multi-material interfaces have junctions where more than three materials meet. For this reason, we first
fit implicit functions [10] for individual materials, and then compound the set of functions to define
multi-material interfaces. See Subsection 3.4 for the details.

e Polygonization of multi-material interfaces. Mesh generation (polygonization) of multi-material
interfaces is an important issue for representing the complex objects, for example inside human bodies,
assembled mechanical parts, and so on. Grid-based [11,12] and Delaunay-based [13,14] algorithms are
well developed in geometric modeling. By applying these algorithms, our multi-material interface defined
by a set of implicit functions can be polygonized. We choose grid-based algorithm [11] by directly using
the grid of an input volume.

e Extremal surfaces. The interface defined by Equation (1) is a kind of extremal surface [15] which is
defined by a pair of scalar and direction fields. A method for direct polygonization of extremal surfaces
is proposed in [16]. For our purpose the method is not suited because extremal surfaces represent
2-manifolds with boundaries and junctions are not properly represented. This is the reason we once
convert multi-material interfaces into a set of implicit functions.
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Figure 1 CT volume (left) and the extracted interface Figure 2 Extraction of multi-material interfaces. A cross-
(right) of a topologically complex object. section of a volume (upper-left). Graph of CT value I(x)

with thresholds (middle-left) and the norm of gradient |g|
with edge-points (bottom-left). Extracted interface with
isosurfacing (top-right) and with interpolating edge-points
(bottom-right).
%M

Figure 3 Extraction of an interface on a volume with  Figure 4 An input CT volume (left) and the output poly-
an oscillation of CT values. Left: the cross-section of an  gon mesh (middle and right) of our algorithm. The colors
artificial CT volume. Middle: Graphs of I(z) and |g(x)| of the polygons mean the material identifications.

along red and blue lines. The circles indicate the points on

the isosurface (top) and the edge-points (bottom). Right:

an isosurface with distortion (left) and an interpolation of
the edge-points (right).

e Isosurfacing based multi-material interface extraction. Shammaa et al. [17,18] proposed meth-
ods to obtain multi-material interfaces on CT volumes using voxel based binary graph-cuts [6] and active
contours [19]. Their problem setting is same as ours; however, their interfaces are located to isosurfaces,
not edge-points. Thus, the problem in Figure 3 cannot be solved by their methods. To reduce the
inaccuracy caused by CT scanning artifacts is the main motivation of our work.

3 Extraction of multi-material interfaces

The input of our algorithm is a CT volume consisting of scalar values sampled at 3D regular grid. We
deal with the volume as a continuous scalar field I(z) with a standard trilinear interpolation of the grid
points. The left-bottom image of Figure 4 shows an example of input volume (a sequence of 2D images).
The volume in this example contains three materials; air, aluminum, and steel, which corresponds to
black, gray, and white, respectively.

The output is a polygon mesh approximating the material interfaces on the input volume. Since our
algorithm can extract the interfaces of multi-materials, material identifications are assigned on the both
side of each polygon. As shown in the example in the middle and right images of Figure 4, the coloring
of the polygons means the material identifications. In this example, blue corresponds to the interface of
air—aluminum, green steel-air, and red aluminum-—steel.

Our algorithm requires a user to set the number of the materials N and their representative CT values
with possible amount of oscillations. The ranges are denoted by {m1 + €1, ma £ €a,...,my en}. These
values are typically known for industrial CT scanners because CT values are approximately proportional
to the material densities, and scanned materials are limited to metals, parasitic, air, water, and so on.
If such values are unknown, the user can easily find them by investigating the CT values on the cross-
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sectional images of the volume.
In this section, we start with showing an overview of our algorithm in Subsection 3.1, and then the
details of the algorithm are described in the following three subsections.

3.1 Algorithm overview

As shown in Figure 5, our algorithm consists of several steps. The followings summarize these steps.

Step 1: 2nd column of Figure 5. The edge-points are detected by shifting the edge-voxels which is
obtained by the standard image processing method. The unoriented normals on the interfaces are also
assigned to the edge-points.

Step 2: 3rd column of Figure 5. For each edge-point, two offset-points are computed in both directions
of the normal. We then create a graph by setting the offset-points as the graph-nodes and the voxel
connectivity as the graph-edges. With the graph, the multilabel graph-cut algorithm is applied in order
to robustly identify which materials exist along the normal directions.

Step 3: 4th and 5th column of Figure 5. With the material identification along the normals, the oriented
point-set of each material is obtained. For each material, we fit an implicit function with positive inside
and negative outside. Compounding the set of the implicit functions gives us the material identifications
at arbitrary points near the interface. We then polygonize the interface using a grid-based polygonization
algorithm.

The implementation details for the above three steps are explained in Subsections 3.2, 3.3, and 3.4,
respectively.

3.2 Detection of edge-points

e Edge-voxels. Canny’s approach [4] is applied to the input volume in order to detect the edge-voxels.
+

As shown in the left image of Figure 6, for each voxel v; we compute the two intersection points w;
and w; at which the line directed to the gradient direction e(v;) intersects with the boundary faces of
3 x 3 x 3 local grid centered at v;. If the following conditions are satisfied, then the voxel v; is regarded
as an edge-voxel. |g(v;)| > |g(u])| and |g(v;)| > |g(u; )|. Similar to the scalar field I(z), the gradient
g(x) is treated as a continuous vector field with component-wise trilinear interpolation on the grid. At
each grid point, we approximate the gradient operator V(-) using the central difference formula [20].

To eliminate insignificant edge-voxels, we use hysteresis thresholding [4], which uses two thresholds;
high threshold Ty and low threshold T;. Starting from edge-voxels with |g(x)| > Ty we trace the voxels
lg(x)| > T; using voxel connectivity. Then the traced edge-voxels are remained and other edge-voxels
are eliminated. According to our experiments, it is possible to automatically set the two thresholds using
the values {m;}, as following equations. Ty = minj, j,.j, 2, M — My, 1/(2d), T; = T4/10, where d is
the grid interval of the input volume.

e Edge-points. To obtain a sub-voxel size accurate edge-point p;, we use a quadratic polynomial
interpolation to find the local maximum of |g(«)| on the line segment between u; and w; . See the right

image of Figure 6. With a simple calculation, the edge-point p; is given by

(lg(ui)] = lg(u;)l) [uf —u;|
4 (lg(u)] + lg(u; ) - 2lg(vi))

e Normals on interfaces. To each edge-point p;, the unoriented normal n; is assigned for the next

e(v;).

pi =v; +

steps in our algorithm. From Equation (1) the interfaces are defined as the zero-level set of e(x)' V|g(x)|.
Thus the unit normal n; is obtained by n; = V (e(p;)! H(p;) e(p:))/|V (e(p:)' H(p;) e(p;)|)|, where H(x)
is a Hessian matrix Vg(x). To evaluate the above formula at arbitrary points, trilinear interpolation with
the central differences is also used.

3.3 Identification of materials

e Offset-points. At an edge-point the CT value takes an intermediate value between the representative
values for materials, which is caused by the blurring effect of CT scanning. Thus, it is difficult to identify
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Figure 5 Algorithm overview. Algorithm steps are shown on the cross-section of a processed volume. 1st column: the
CT value I(x) (top) and its zoomed part (bottom) on a cross-section of the volume in Figure 4. 2nd column: edge-points
{pi} (top) and their normals {n;} (bottom). 3rd column: offset points {gx} colored with their material labels {l;.} (top).
We identify the labels using a graph structure (bottom). 4th column: the set of implicit functions {f;(x)} (red inside
and blue outside) obtained from the oriented point-sets. The background colors correspond to the materials. 5th column:
segmented grid-points according to the label function I(z) (top). The polygonal approximation of the multi-material
interfaces (bottom). Notice that grid-free data is enclosed by the orange rectangles. Others are data sampled at regular
grids.
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Figure 6 Computation of an edge-point. Left: Canny’s edge detector.  Figure 7 Material identification with multil-

Right: quadratic polynomial interpolation of the norm of gradient. abel graph-cut. Left: the cross-section of a CT
volume. Middle and right: the graphs before
and after applying the graph-cut.

the materials using the values close to edge-points. To solve this problem, we apply the following procedure
for sampling stationary CT values.

We firstly compute two offset-points q(2;) and q(2:41) for each edge-point p;. q2i) = P(2s) + dt (24,
q2i+1) = P2i+1) — dtn(2i41), where dt is the length of displacement. We set dt to the half of grid
interval d/2.

Then, the following gradient descent method is applied to converge the offset-points {qr} (k =
1,2,...,24,2¢ 4+ 1,...) to the local minima of |g(x)|. qr + qr — dtV|g(qx)|/|V|g(qr)||. The above
update rule is terminated if the dot product of the current and previous displacement vectors is negative.
e Multilabel graph-cut. At almost offset-points in {gx}, we can sample stationary CT values to
identify the materials. However, there still exist unconfident points caused by CT scanning artifacts. For
robust identification of the materials at such points, we adapt multilabel graph-cut method [7].

Our graph-nodes are {qi}, and a set of graph-edges G are reflecting voxel connectivity of the edge-
points {p;}. For each of two edge-points p;, and p;, whose corresponding voxels are connected with
26-neighbors, we add the following two graph-edges into G.

{(201,2i2), (201 4+ 1,2i2+ 1)}, if n} ny, >0,

G C
{(Q’il, 222 —+ 1), (221 -+ ]., 222)}, if nfl n;, < 0.

The above rule means two pairs of offset-points are connected by taking into account the offset directions.
An example of the graph is shown in the middle image of Figure 7.

By setting the unknown variables as labels {lx} (Ix € {1,...,N}), our multilabel graph-cut is for-
mulated as a minimization problem of the following cost function E ({lx}). E ({lx}) = > ;. Dy, (qr) +
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A Z(kl,kz)eleﬁél;Q S(qk,, qk,), where D and S are the node-cost and edge-cost, respectively. The pa-
rameter A adjusts the balance of the two cost functions.

The node-cost D;(qx) should be small in the case where the graph-node g tends to be j-th material.
If the CT value I(gy) is in the range for j-th material and the norm of gradient |g(gx)| is low, we set the
cost as a small value. Otherwise the cost is set to a large value.

min (|g(qe)|, Tg), if I(qk) € [m; £ €]
T,

a5 otherwise.

Dj(qr) = {
The edge-cost S(qk,,qk,) is set to a large value if the two CT values I(qg,) and I(gg,) are close. To
make S as the same dimension with D, we divide the CT value difference by the distance of the two
nodes. S(qklaqkz) = max (Tg - |I(qk1) - I(Qk2)|/|Qk1 - qk2|’ 0).
As shown in the right image of Figure 7, the labels {l;} are decided after minimizing E. All results in
this paper are obtained by setting A = 1. To minimize the cost E, we use the publicly available software
gco [21].

3.4 Polygonization of multi-material interfaces

e Oriented point-sets. The label [(2;) (or [(2;11)) indicates which material exists toward the diction
+n; (or —n;) from the edge-point p;. Using the labels, we can find a point-set equipped with the oriented
normals for each materials. Let us denote by P; the oriented point-set for the jth material.

P c (pi, +mq), if j =l and j # li2i11),
! (Pi,—mi), if j # lesy and j = ligi11).

Note that we do not use the edge-point p; with the same labels in both sides l(2;) = l(2i41), which is
shown as the points colored with magenta in the right image of Figure 7.

e Fitting implicit functions. As shown in Figure 8, implicit functions with positive inside are com-
puted for all materials, and then the functions are compounded to define the multi-material interfaces.

We use the partition of unity for implicit functions [10] to compute the function f;(x) for the j-
th material. f;(z) = >, myep, w(l® = pil) (n;" (x — Pi))/ > (i, 77)ep, W@ — pil), where the weight
function w(r) is selected as the singular weight function [22] (lim,_,o w(r) = o) to achieve interpolation
of the points in P;. The local support size of w(r) is fixed at 3d.

As introduced in the multi-material level-set methods [20], we simply compound the implicit func-

tions by taking the maximum. The material identification at an arbitrary point @ is given by [(x) =
argmax; f;(x).
e Polygonization. Since we already have the 3D grid as the input volume, we polygonize the interface
using a grid-based polygonization algorithm called Dual Contouring [11]. To compute the intersection
point of a grid-edge with the interfaces, trilinear interpolation is used as proposed in [23]. We denote
two grid-points connected with a grid-edge by v;, and v;,, and the two different materials by j; = l(v;,),
J2 = 1(v;,). The intersection point is computed as

(fir(0iy) = i (viy)) viy + (fir (viy) = fin (i) vi,
(fjl (vil) - fj2 (vil)) + (fj2 (viz) - fjl (viz)) -

Dual Contouring gives us a topologically correct polygonal approximation at the point meeting with three
materials, as demonstrated in the bottom-right image of Figure 8.

4 Results and discussion

In this section, we demonstrate the effectiveness of our method by comparing our results with isosurfaces.
Then we clarify the limitations of the current method, and possible future directions to solve the problems.
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Figure 8 Top: implicit functions. Bottom: material identification (left) and polygonal approximation (right).
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Figure 9 A demonstration of robustness of our method to CT  Figure 10 A demonstration of robustness of our
scanning artifacts. Left: photos of front- and back-side of an  method to CT scanning artifacts. Top-left: the cross-
eraser with a staple (top) and a cross-section of the CT scanning  section of a CT volume with an artifacts on a liner
(bottom). Middle: the back-side face of the eraser obtained  (white region). Top-middle and bottom-left: the liner
with isosurfacing. Right: the face obtained with interpolating  obtained by isosurfacing. Top-right and bottom-right:
the edge-points. the liner obtained by our method.

J

e Robustness to CT scanning artifacts. As mentioned in Section 1 our main purpose is to increase
geometrical accuracy of the interfaces on a CT volume with scanning artifacts. Figures 9, 10, and 11
demonstrate the robustness to CT scanning artifacts.

In Figure 9, an eraser with a staple was used for a test object. We can observe an artifact caused by
a high-density of the staple made of metal. See the bottom-left image for a cross-section. Because of
the artifact, we failed to obtain the back-side of eraser as a flat surface with isosurfacing as shown in the
middle image. In contrast, our proposed method give us almost flat surface as shown in the left image.

Figure 10 shows the case for an object with more complex geometry. Too long paths of X-rays along
the engine fins cause an artifact on the liner (white region on the CT volume). The liner should be a
cylindrical shape without bumps, but the result of isosurfacing in the top-middle and bottom-left has a
large bumps. On our result shown in the right images, the size of the dumps are much smaller. See the
left silhouette lines on the bottom images.

We also compare our method and isosurfacing in terms of robustness to blurring effects in Figure 11.
In order to simulate the blurring on CT volumes, we applied an intensive smoothing with Laplacian
(iterative averaging of values at neighboring voxels) to the volume shown in Figure 1, then the interface
is extracted. With isosurfacing, thin-parts on the back of the elephant are fragmented as shown in the
left images. On our result shown in the right images, such a shrinking problem is not observed.

e Performance. Figures 12 and 13 show the results for multi-material interfaces with complex me-
chanical objects. Similar to the previous methods [18], we succeed in obtaining multi-material interfaces.

Our current experimental implementation is far from optimized; however, the computation is rea-
sonably fast. For example, with a standard laptop PC, it takes about 2 minutes for the volume in
Figure 1 consisting of 280 x 260 x 215 voxels, and 5 minutes for the volume in Figure 13 consisting of
1024 x 1024 x 240 voxels.

e Limitations and future work. We achieve accurate interface extraction which is robust to CT scan-
ning artifacts. However, our method cannot deal with highly corrupted volumes as shown in Figure 14.
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Figure 11 A test of robustness to blurring effects using a  Figure 12 The multi-material interfaces on an
smoothed volume. Left: an intensive smoothing leads to shrink-  engine-head obtained with our method.

ing of isosurfaces. Right: our method can keep thin-parts with-

out shrinking.

Figure 13 The multi-material interfaces on a pedal parts of Figure 14 A difficult case for the proposed method
motorbike obtained with our method. because of the metal-artifact caused by the copper part
in the center of a CPU heatsink.

In this example, X-rays passing through the copper part of CPU heatsink are almost vanished; thus the
aluminum fins located around the center planes are not clearly scanned, and are failed to be extracted
by the proposed method. To deal with such a difficult case, artifact reduction techniques [24,25] should
be applied to sets of X-ray projection images before reconstructing CT volumes.

Since we use high-order derivatives, our methods is sensitive to small oscillations of CT values (noise)
which are different from CT artifacts. In some results, for example Figure 9, we applied pre-smoothing
of CT values for eliminating the noise. As demonstrated in Figure 12, smoothing CT values do not affect
so much the accuracy of the extracted shape.

Our method is computationally inexpensive than the voxel-based method since we mainly process the
edge-points on interfaces. However, processing only points on interfaces cannot guarantee the water-
tightness to the output polygon meshes. For example, as shown in the bottom image of Figure 13, small
topological problems might happen. One possible solution is to replace more robust surface reconstruction
algorithm in the step of implicit surface fitting. Poisson surface reconstruction [26] is a good candidate.
Further, fitting implicit functions for individual materials is obviously not a good idea. Considering all
materials together in fitting functions is an interesting research topic. Recently a sophisticated fitting
algorithm for multi-material implicit functions is proposed in [27].

By comparing the real object and our polygon mesh shown in the bottom image of Figure 13, the sharp
features is clearly smoothed out, which is caused by blurring effects on CT scanning process. Solving this
sharp feature problem is highly desired in industrial applications.
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