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1. Volume Data Description

· Resolution = 314 × 206 × 277

· # of points not equal to 0: 1,042,559

· # of points equal to 2: 1,016,482

· # of points equal to 1: 26,077

· # of points equal to 0: 16,874,909

2. Definition

[Def] EC = # of vertices - # of edges + # of faces.

[Property] EC of convex polyhedron = 2.
[Property] In 2-D, EC is a scalar value equal to the number of objects in the image minus the number of holes in those objects (MATLAB help of the function ‘bweuler’). In 3-D, the relationship is much more complicated but EC increases as the number of objects increases and it decreases as the number of holes in the objects (figure 14) increases. See Appendix A for the detail.

[Remark] In this model, # of edges = (3/2) * # of faces.

[Def] “Hole” is an unfilled area within the object. After transforming to isosurface, each of these “holes” is transformed into small surface inside the surface of the mess and the surface of these holes are not connected with the outer surface. See figure 5. In figure 5, EC=4 because there are two objects in the space.
[Def] “Handle” is the region that the hole passes through it, like a torus, e.g. figure 12 and 13. In these two figures, EC=0 because there is one object and one hole that passes through it.
[Def] “Closing” is C(OBJ, SE) = E(D(OBJ,-SE),-SE), where D: dilation, E: erosion, OBJ: object and SE: structuring element. (http://www.ph.tn.tudelft.nl/Courses/FIP/noframes/fip-Morpholo.html)

3. Data Processing Procedure

(1) Load the volume data.

(2) Remove the points with the value ‘1’.

(3) Put another slice below the first slice (see ‘8. issues’ for the detail).
Either A. hole-patching algorithm-CC
(4) Transform the volume data into isosurface using the function ‘isosurface’.

(5) Apply hole-patching algorithm-CC.
Or B. hole-patching algorithm-LABEL

(4) Apply hole-patching algorithm-LABEL.

(5) Transform the volume data into isosurface using the function ‘isosurface’.

Or C. hole-patching algorithm-CLOSING

(4) Apply hole-patching algorithm-LABEL and then hole-patching algorithm-CLOSING.

(5) Transform the volume data into isosurface using the function ‘isosurface’.

Then,

(6) Compare # of vertices, edges, faces and EC of the original isosurface with those of the hole-patched isosurface.

4. Hole-patching algorithm-CC
(1) Input: Original isosurface.

(2) Obtain the set of the neighborhood, Ni, for each i-th point. 
(3) GI = connected component set index vector for each point.

Initialized GI = 0 for every point.

(4) For i=1 to [# of vertices]

Obtain the neighborhood, Ni, for i-th point from (2).

Obtain the group index, GI_Ni, for Ni.

If max(GI_Ni)==0,

then GI_Ni = new group index.

else

GI_Ni = max(GI_Ni).


if (# of different values in GI_Ni)>2,


then [GI for the points with the value = GI_Ni] = max(GI_Ni).



end


end

(5) CCmax = the largest set of connected components.

(6) Output: isosurface with the faces included in CCmax.

5. Hole-patching algorithm-LABEL (See issues for the details)
(1) Input: Original volume data.

(2) Noise Reduction

A. BWLABELN on volume data from (1).

B. L_max = the label containing the largest number of points.

C. Set 0 for the points with the label ~= L_max.

(3) Hole Filling:

A. Volume data = 1 – volume data from (2).

B. The label of the background = label containing points (1,1,1).

C. Set 0 for the points with the label ~= the label of the background.

(4) Output: Fixed volume data = 1 – volume data from (3)

6. Hole-patching algorithm-CLOSING (See issues for the details)
(1) Input: hole-patched volume data using hole-patching algorithm-LABEL [this is grammatically wrong sentence].
It seem IMCLOSE does more than what IMFILL does. So why we need hole-patching algorithm-LABLE? Can we simply feed the original binary image to IMCLOSE routine and get the same result? You don’t have to fix it since it works. 

(2) Put some space between the main object and the boundary of the image.

(3) Structuring Element = Disk with radius 9.

(4) Apply closing algorithm for each slice in x axis.

(5) Apply closing algorithm for each slice in y axis.

(6) Apply closing algorithm for each slice in z axis.

(7) Output: closed volume data

7. Simulation Study of the function ‘isosurface’

Figure 1~4 show the results of the function ‘isosurface’ for simple cases. The volume data were transformed into isosurface using the function ‘isosurface’ and visualized using the function ‘trisurf’. Four kinds of examples were considered and the description for each data is given below. EC=2 in all of these four cases. The results coincide with the description of the marching cube, at least in these four cases. See Appendix B for more detail about the marching cube, especially on 15 unique cube configurations of the marching cube.

Figure 1: one point (2,2,2)

=> # of vertices = 6, # of faces = 8

Figure 2: two connected points 2×2×[2,3]

=> # of vertices = 10, # of faces = 16

Figure 3: one cube [2,3] ×[2,3] ×[2,3]

=> # of vertices = 24, # of faces = 44

Figure 4: two connected cubes [2,3] ×[2,4] ×[2,3]

=> # of vertices = 32, # of faces = 60

8. Simulation Study of hole-patching algorithm-CC and -LABEL
Figure 5: one hole in cube

There is one hole inside the cube and two cube surfaces were generated, i.e. cube in cube. Hence, EC=4. After hole-patching-CC or –LABEL or -CLOSING, the hole was removed and EC=2.
Figure 6: cube with many holes inside

There are 36 holes inside the cube and EC=74, i.e. 1 outer cube and 36 holes. After hole-patching-CC or -LABEL or -CLOSING, all of 36 holes were removed and EC=2.

Figure 7: randomly generated data

The random points are generated in the following way:
Resolution = 20 × 20 × 20.

The value of each of x, y, z of the coordinate (x,y,z) is independently generated from N(10,(3×U(0,1))2) and rounded.

After random generation, there are one large mess and small noise points outside the large mess. Hence, EC=75. After hole-patching-CC or -LABEL, these small noise points are removed but still EC=-4 because of handles. In contrast, hole-patching-CLOSING removes these handles and EC=2.

Figure 8: basket shape 

There is one object in the space and the object is basket-shaped or “donut shape”. Hence, EC=0. This is not the case that this hole-patching algorithm can be applied. Therefore, the object is still basket-shaped after hole-patching-CC or -LABEL and EC=0. Note that this figure is related with the second issue. In contrast, the basket is filled and EC=2 after hole-patching-CLOSING is applied.
9. Results

Two hole-patching algorithms are independently applied to the mandible image. See figure 9 for the results. # of vertices, edges, faces and EC are given below. The original isosurface has the positive EC (EC=39) and this means that there are many noise points that are not connected with the main surface. After hole-patching-CC and -LABEL, EC becomes negative (EC = -146). These results and the figure 12 indicate that there are many handles on the surface. EC of two hole-patching algorithms are the same. By applying hole-patching-CLOSING, EC=2. Even though the third algorithm simplified the details especially around the teeth, the overall shape remains the similar as the original isosurface.

(1) Original isosurface

· # of vertices = 404,638

· # of edges = 1,213,797

· # of faces = 809,198

· EC = 39
(2) After hole-patching-CC
· # of vertices = 390,393

· # of edges = 1,171,617

· # of faces = 781,078

· EC = -146

· # of sets of connected components = 92

(3) After hole-patching-LABEL
· # of vertices = 390,207
· # of edges = 1,171,059
· # of faces = 780,706
· EC = -146

(4) After hole-patching-CLOSING [after hole-patching-LABEL]
· # of vertices = 199,320
· # of edges = 597,954
· # of faces = 398,636
· EC = 2
10. Issues

(1) The region of mandible touching the boundary of the image

The function ‘isosurface’ did not close the surface on the part touching the boundary of the image. Figure 10 shows the bottom part of the jaw (z = 1~3) that is viewed from the above. They are touching the boundary (z=1) of the image. Figure 11 shows similar but simpler data. This data is generated in this following way:

Resolution: 20 × 20 × 20

If z=1: box [5,10] × [5,10] is 1

If z=2: box [2,15] × [2,15] is 1

Figure 10 shows that the function ‘isosurface’ does not generate the surface for the face touching the boundary of the image. Hence, I put another zero-value below the first slice and the problem was solved.

(2) a surface with handles

There are many handles on the surface of the mandible, especially around the teeth. Figure 12 shows four cases from the original isosurface and three cases from the hole-patched isosurface. Note that hole-patching-CLOSING removed these handles while hole-patching-CC and hole-patching-LABEL fail to remove handles. Handle is equivalent to donut shape in figure 14. Such handles result in the decreased EC, e.g. EC=0 for basket shape and donut shape.

(3) Number of connected neighborhood of the function ‘BWLABELN’
In the function ‘BWLABELN’, 26-connected neighborhood is the default for 3-D image. During the implementation, I found that ‘BWLABELN’ sometimes fail to distinguish the noise points close to the mess from the mess itself. 6-connected neighborhood provides the better result than 18- or 26-connected neighborhood. See figure 15 for the example. Hence, hole-patching algorithm-LABEL routine employed ‘BWLABELN’ with 6-connected neighborhood.

(4) Closing and its structuring element (SE)

Hole-patching-LABEL is applied before hole-patching-CLOSING in order to reduce noise points and simplify the shape. This is because closing algorithm tries to close the noise points. I also put some space between the object and the boundary of image because closing algorithm tries to close the object until the boundary. The object stuck to the boundary of the image if closing algorithm was applied to the original volume data. When closing algorithm is applied, ‘disc’ was chosen as the structuring element because the mandible is U-shaped. The radius of the disc is the parameter that determines how much the object is smoothed. After several trial, radius=9 was selected. Figure 16 shows one slice (z=100) before and after ‘closing’ with SE=’disc’ with radius=9.

Appendix A. Euler Characteristic
Example of EC

	Name
	Image
	Euler characteristic

	Sphere
	



	2

	Torus
	



	0

	Double Torus
	[image: image3.png]



	-2

	n handles
	
	2n

	Two spheres
(not connected)
	



 HYPERLINK "http://en.wikipedia.org/wiki/Image:Sphere-wireframe.png" \o "Sphere-wireframe.png" 

 INCLUDEPICTURE "http://upload.wikimedia.org/wikipedia/commons/thumb/3/38/Sphere-wireframe.png/100px-Sphere-wireframe.png" \* MERGEFORMATINET 



	2 + 2 = 4

	Mőbius Strip
	[image: image6.png]



	0

	Klein Bottle
	



	0


- ‘Euler characteristic’ in ‘Wolfram MathWorld’

(http://mathworld.wolfram.com/EulerCharacteristic.html)

- ‘Euler characteristic’ in ‘Wikipedia’ (http://en.wikipedia.org/wiki/Euler_characteristic)

- MATLAB Help of the function ‘bweuler’
(http://www-ccs.ucsd.edu/matlab/toolbox/images/bweuler.html)

-‘euler number’ in ‘connections in space’ (http://www.btinternet.com/~connectionsinspace/
Form_and_Structure/The_Euler_Number/body_the_euler_number.html)

Appendix B. Marching Cube

15 unique cube configurations in ‘marching cube’
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* This picture is obtained from the article ‘marching cube’ in ‘Wikipedia’.

(http://en.wikipedia.org/wiki/Marching_cubes)

- ‘Marching cube’ in ‘Wikipedia’ (http://en.wikipedia.org/wiki/Marching_cubes)

Figure 1. ‘isosurface’ simulation study # 1 - one point (2,2,2)
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Figure 2. ‘isosurface’ simulation study # 2 - two connected points 2*2*[2,3]

[image: image10.png]



Figure 3. ‘isosurface’ simulation study # 3 - cube [2,3]*[2,3]*[2,3]

[image: image11.png]25

15
35





Figure 4. ‘isosurface’ simulation study # 4 - two connected cube [2,3]*[2,4]*[2,3]
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Figure 5. Hole-patching simulation study # 1 – one hole in cube
	outside view
	inside view: original isosurface (EC=4)
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	inside view: after hole-patching-CC (EC=2)
	inside view: after hole-patching-LABEL (EC=2)
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	inside view: after hole-patching-CLOSING

(EC=2)
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Figure 6. Hole-patching simulation study # 2 - Cube with many holes inside

	outside view
	inside view: original isosurface (EC=74)
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	inside view: after hole-patching-CC (EC=2)
	inside view: after hole-patching-LABEL (EC=2)
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	inside view: after hole-patching-CLOSING

(EC=2)
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Figure 7. Hole-patching simulation study # 3 – randomly generated data
	original isosurface (EC=75)
	after hole-patching-CC (EC=-4)
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	after hole-patching-LABEL (EC=-4)
	after hole-patching-CLOSING (EC=2)
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Future direction for publication: There is a better way of simulating binary images using Markov chains and Bernoulli random variables. We may pursue this direction later if we write a journal paper. If two Bernoulli random variables are uncorrelated, they are independent. 

Figure 8. Hole-patching simulation study # 4 – basket shape

	original isosurface (EC=0)
	after hole-patching-CC (EC=0)
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	after hole-patching-LABEL (EC=0)
	after hole-patching-CLOSING (EC=2)
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Nice demonstration of closing operation. This can be put into a publication as an illustration.

Figure 9. Hole-patching results of the mandible image

Original isosurface (EC=39)
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After hole-patching-CC (EC=-146)
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After hole-patching-LABEL (EC=-146)
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After hole-patching-CLOSING (EC=2)
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Figure 10. The bottom part (z=1~3) of the jaw, which is touching the boundary of the image
(original isosurface)
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(after putting another slice under the first slice) 
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Figure 11. Simple case of the object touching the boundary of the image

(view from above)
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(view from below)
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Figure 12. handles on the surface (mostly around the teeth)
(case # 1)
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 (case # 2)
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(case # 3)
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(case # 4)
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Very nice visualization showing what’s happening. Good work.

(case #4 after hole-patching-CC)
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(case #4 after hole-patching-LABEL)
[image: image44.png]



(case #5 after hole-patching-CLOSING)
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* Note that the handles are removed.

Figure 13. basket shape (EC=0)
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Figure 14. Donut shape which is equivalent to figure 13 (EC=0)
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Figure 15. Simulation study # 3 with hole-patching algorithm-LABEL with different # of connected neighborhood

	Original isosurface (for comparison)
	26-connected neighborhood (EC=68)
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	18-connected neighborhood (EC=46)
	6-connected neighborhood (EC=2)

	[image: image50.png]16

14

12

10





	[image: image51.png]16







Figure 16. one slice (z=100) before and after ‘closing’ with SE=’disc’ with radius=9

	before closing
	after closing
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This is also a nice illustration that can be used in publication. We need to explain how we were able to handle the problem of holes and possible handles. 

What to do next: Apply the technique to 2 additional mandible images (they will be uploaded into directory /step00-sample.data this evening. Check if you can still obtain EC=2. Put file identifiers to distinguish between mandibles. If the procedure works for these 2 additional test images, we go to the next step /step01-hole.patching.

