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ABSTRACT

Surface reconstruction was mainly the important process in
reverse engineering. However undesirable holes often exist
due to accessibility limitation on scanners. To bridge the gap,
the paper proposes an enhanced algorithm of filling holes for
3D objects based on Advancing Front Mesh (AFM) method.
The holes focused was on the missing point on the corner of
the object. In the algorithm, object was chosen and two
procedure used to achieved the results. The procedure consists
of two steps namely hole detection and hole filling. The
experiment demonstrates the result of hole filling can recover
the original shape of the hole region precisely and effectively.

Key words : Advancing front mesh, delaunay triangulation,
hole filling, triangular mesh.

1. INTRODUCTION

For object representation, it was important that the surface was
error-free. However, there is occurrence of undesired holes
due to accessibility limitation pertaining to scanning devices.
Such undesired holes impact both the model visualisation as
well as render unexpected results pertaining to applications
like rapid prototyping, segmentation and finite element
analysis. Therefore, it is important to get in place
semiautomatic or automatic methods in order to fill the holes
pertaining to the surface of the 3D object. This step is
important in order to achieve a high quality mesh model as
well as retrieve complete geometric information. This process
was also can been seen on the latest research on image
processing and data reconstruction for real life object[1-3].

The characteristics include hole filling that can be segmented
into two categories. One pertains to geometric detail or texture
structures, like geometric details pertaining to a hair region on
a head. The other one pertains to sharp characteristics, like
corners or sharp edges in Computer Aided Design (CAD)
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modelling. In order to reconstruct geometric details pertaining
to the missing holes, various methodologies have been put
forward [4-10]. With regards to  context-based
methods[11,12]Jor example-based methods[13-15], iterative
filling of the holes is carried out by copying similar matching
patches from the existing models or from the input model
itself. A mapping between a template model and the
incomplete mesh was first computed by Kraevoy et.al [16] ,
which was then used with this mapping to stick together all the
components pertaining to the input mesh as well as to fill the
holes at the same time. 3D geometric information of holes was
reconstructed by Nguyen et.al[17] by synthesising local
gradient images pertaining to the 2D parametric domain. A
texture synthesis and context based approach was put forward
by Xiao et. al [18] for appearance as well as geometric
completion pertaining to point set surfaces. In recent times, Li
et al [16] designed a skull completion approach by conjoining
symmetric detection as well as template-based method.

Chen et. al [19] used a sharpness-dependent filter to fill the
holes and recover sharpness. The filter works through
distribution of the sharpness values pertaining to triangle faces
that are present near a hole boundary. In a similar manner, the
vicinity pertaining to a hole boundary can be defined by its
two-ring neighbourhood. For any triangle face, computation of
its sharpness value is done based on the variance pertaining to
the angles between its normal and each of the normals
pertaining to the neighbouring faces.

To fill the holes, Chen and Cheng [20] put forward a
sharpness-based approach. The entire algorithm has been
carried out in two steps: an interpolation step that includes
filling the hole that yields the approximation pertaining to the
final model as well as a post-processing step that can modifies
the approximation model in order to match with the original.
Interpolation of the hole patch is done by employing the radial
basis function in order to produce a smooth implicit surface
that allows filling up the holes. A regularised matching
tetrahedral algorithm is employed to triangulate the implicit
surface. After which, stitching of the triangulated surface patch
to the hole boundary is carried out in order to construct the
repaired model. During the post-processing steps, for this
repaired model, a sharpness dependent filter is applied for
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recovering the sharp characteristics. In this research work,
sharpness dependent filter has been employed, which is an
improvement on the one put forward by Chen et.al [21]. The
system is challenging to implement even though this algorithm
seems to function effectively for model repairing.

It is still a difficult task to handle the fine features at the hole
areas even though an automatic system is always looked for. In
the paper by Zhat et. al [22], a complicated hole-filling
optimisation engine has been employed to achieve the results
automatically. However, recovering of the fine characteristics
is not always sufficiently achieved in many cases. A majority
of the systems need user intervention to determine the best
guess pertaining to fine characteristics near the hole areas as
well as to rectify the automatic results.

In this research work by Ohtake et. al [23], a multilevel
piecewise surface fitting approach has been used for
preserving the shapes pertaining to sharp edges and corners
near the hole sites in order to represent a mesh model
containing fine structures. The piecewise quadric surface
fitting approach has been employed for local approximation
pertaining to fitting edges as well as corners. It includes
numerous tests (corner and edge tests) for identifying the kind
of approximation surface or which shape function needs to be
employed. The normals pertaining to the mesh vertices are
clustered in order to automatically recognise corners and
edges.

Sharf et. al [24] put forward a context-based completion
approach in order to recover the missing fine details pertaining
to a repaired hole. This approach is based on the concept of
texture synthesis, in which portions of regions are replicated
from suitable examples. By employing this concept,
recovering of the fine structure pertaining to the 3D model is
done by identifying a piece in the original model or in template
models possessing similar shapes in order to substitute the
initial repaired hole. Thus, this approach is regarded to be
efficient when repairing holes pertaining to the textured mesh
model.

Attene et. al [25] put forward a method for recovering the
sharp characteristics pertaining to the 3D mesh model, which
could have been lost by the remeshing processes or by reverse
engineering employing a non-adaptive sampling pertaining to
the original surface. In the mesh model, the algorithm begins
by recognising the smooth edges, after which the filters are
used for obtaining chamfer edges. New vertices are inserted
for each of the chamfer edge as well as for segmentation of its
incident triangles. Calculation of these vertices is done to
ensure that they fall within the intersections of planes and it
also helps in local approximation of the smooth surfaces
meeting at the sharp characteristics.

For hole-filling, He and Chen [26] used both interactive and
automatic methods. Also, a novel hole-filling system has been
put forward that employs a haptic device. Post the hole
identification phase, the interpolation step focuses on
smoothing the hole boundaries. This step helps in rectifying
boundary topologies as well as fixing the boundary edge
lengths to make sure that there is no uneven distribution of
points near the hole boundary. After this, in the stitching
process, such complex holes can be decomposed by the user
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into simpler ones. Regular triangulation approaches are
employed to automatically triangulate sub-holes. Also, the
intervention process can be repeated by the user until
satisfactory results are achieved. An interesting idea was put
forward by the authors regarding haptic for 3D user
intervention. However, this method cannot automatically
identify the fine characteristics pertaining to the mesh, which
also serves as guidance for the user.

Zhap et. al [27] identified the holes and then employed the
modified minimum-weight triangulation technique for
triangulation. Crest line fairing is employed to recover sharp
characteristics. In this research work, the crest line detection
technique [28] is employed by the system to identify the
feature line pertaining to the original mesh. Crest lines can be
defined as the salient surface characteristics pertaining to the
first and the second order curvature derivatives. Then, crest
lines that are detected are employed in region growing and
fairing processes for recovering the sharp characteristics near
the hole areas. Prior to the region growing step, the users can
connect to some crest lines. The issues that have been
concentrated on the research pertain to the corner of triangle or
are also referred as missing characteristics pertaining to the
triangle. It puts forward a new hole filling algorithm that also
allows recovering the original shape pertaining to the hole
region by employing the hole neighbourhoods’ geometric
information. The advancing front mesh method was employed
for the hole triangulation.

The problems focused for the research was on the corner of
triangle or also known as missing features on the triangle. It
presents a new hole filling algorithm which could recover the
original shape of the hole region by using the hole
neighborhoods geometric information. The hole triangulation
was achieved by advancing front mesh method. The remainder
of this paper is organized as follows : Section 2 show the
classification of data. Section 3 shows preprocessing process
until choosing hole to fill. Section 4 shows the Enhanced
method for AFM. Section 5 shows some experimental results.
Section 6 is the conclusion of this paper.

2. CLASSIFICATION OF DATA

In this research paper, the employed 3D object was three
pronged, i.e. Subject 1, 2 and 3 as listed in Table 1 below.
Subject 1 pertains to the back view characterised by the
shining blue body possessing a black mouth as well as a green
roller coaster along with orange tyre. Subject 2 is denoted by a
can possessing a back view with regards to the cylindrical
shape body along with an L-shaped top. Subject 3 is
represented by the yellow can that has a colourful design on
the object’s front view. The right and left sides of the can also
had some curves on them. Figure 1 below showcases all the
Subjects.
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Table 1: Classification of Subject

Subject Number Subject
1 Rio (4™ view)
2 Spray (4% view)
3 Mentos( 1% view)

Coo

(©
Figure 1: Subject in 3D
(a) Subject 1 (b) Subject 2 (c) Subject 3

For all the subjects, the control point is required to be clean
prior to using it for any reconstruction. However, some issues
could occur like noisy data point, repeated data points and data
points that are in proximity to each other. In processing the
data point, the very first step would be to determine the unique
data also called as the data point that is similar. Then, deletion
of the unique data point is done in order to ease the process for
filling later.

In this research, the original control point employed for the
three Subjects has been shown in Figure 2. Subject 1 had a
total of 312 data points for the front view and post deletion of
similar (unique) points, the total reduced to 303 data points. A
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total of 557 data points were found with Subject 2 and post the
deletion step, the count reduced to 530 control points. On the
other hand, Subject 3 had 589 control points, which became
564 control points post the deletion step.
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Figure 2: Control Point for Subject
(a) Subject 1 (b) Subject 2 (c) Subject 3

3. BOUNDARY IDENTIFICATION

The boundary of the Subject was determined by using Canny
edge detection that would find all the edges in an image. It
employed double threshold for finding out potential edges, the
lower and upper threshold. It was broadly employed for the
comparison of other techniques as it would give good results.
Then, the scanline algorithm technique was employed for the
extraction of the outer boundary. The columns and rows of the
image were approximated by the method, namely the scanline
and results pertaining to a boundary of points.

However, the user will have to delete certain point that is
inside the object or located far from the boundary due to which
the boundary is not represented properly as shown in below
highlighted in red. Figure 3(a) presents the result pertaining to
the approximate data from edge detection as well as scanline
by Subject 1. The boundary colour is in black, while the red
data points that are considered outlier are required to be
deleted. The point has to be deleted in order to avoid point
overlap when constructing the boundary. As per Subject 2 on
Figure 3(b), some points were found to be far from boundary
and the spray boundary’s bottom needs to be deleted as it was
very much scattered. As per the results from Subject 3, only
few points were deleted as these overlapped with other points
as shown in Figure 3(c).
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Figure 3: Delete Outlier
(a) Subject 1 (b) Subject 2 (c) Subject 3

A situation also occurs in which employing Canny edge
detection and scanline algorithm cannot represent certain
characteristics. As presented in Figure 4, threshold method
was employed to demonstrate the missing feature pertaining to
certain objects. The functioning of the threshold method
occurs by changing the background colour to either more
white or black in order to represent the missing characteristics.
The point that is missing can be chosen by the user and the
point can be added to the boundary.

Table 2: Delaunay Triangulation of Subject

Subject Number Connectivity List
1 590x3
2 1040x3
3 1111x3

-200 )‘

4\ Wamning Dislog - x

find region_interest value
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Figure 4: Threshold method
(a) Subject 1 (b) Subject 2 (c) Subject 3

The boundary results obtained from all the processes above
pertaining to all Subjects can be employed to represent the
Subject completely. For representing the object in a triangular
mesh, we employed the Delaunay triangulation. Delaunay
Triangulation was created by selecting the Fortune’s algorithm
that is based on sweepline algorithm. The method was selected
as it is simple as well as easy to adopt. Delaunay is regarded as
the best method for representing the objects in a triangular
mesh as it includes all characteristics of data point as well as
connectivity list that could be employed at a later stage of 3D
reconstruction. This is represented in Table 2. Delaunay
Triangulation was employed to obtain information from all the
three subjects.

For all the Subjects, Delaunay Triangulation with no
constraints was designed. Boundary that was obtained from
the above process could be employed as constraints pertaining
to each Subject that is used. The step involved calculation of
the centre pertaining to the entire triangle by employing mean
of (x,y), followed by the deletion of the centroid of triangle
(green data point) that is towards outside of the red line’s
boundary. Figure 5 demonstrates the before and after
constraint pertaining to Delaunay triangulation that was
employed for all Subjects.
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Figure 6: Holes for Subject
(a)Subject 1 (b) Subject 2 (c) Subject 3

“ 2 5. ADVANCING FRONT MESH (AFM) METHOD
0 " In this research, advancing front mesh (AFM) method was a
PR—" e T el S B technique used to fill holes with a triangle and it involved six
’ © ’ important step as follows [22].
Figure 5: Constraints Delaunay Triangulation ) ) ) ]
(a)Subject 1 (b) Subject 2 (c) Subject 3 Step 1: Identify three points as the starting point define as
boundary of holes and defined as point A, B and C.
4. HOLE IDENTIFICATION

Now the next step was the selection of the boundary of holes Step 2: Calculate angle 6 between the edges AB and BC as

by the user. The maximum area pertaining to all the triangles Figure 7. NPl
was regarded as holes, which have been defined via green data A A NP1
points while the other points with the blue data point. Figure 6 A NP2
shows the result pertaining to all holes for the Subject. e C B
€1 C €
Simple holes boundary ' ei+1 (]} 1
o B [ \Z C
a0t { B B ' el+1
30
(@ (b) ©)
Figure 7: Three Rules of angle in AFM
0r
ol (@) 0<75°(b) 75° <0 <135° (¢) 9>135°
:20 I ’,?4 Step 3: The triangle was created according to the three
sl v{gﬁ(ﬁ;«m different criteria shown in Figure 7. The explanation for each
o} ﬁﬁ"\ . degree was as follows:
L T T Y . (a) If @< 75" only one triangle created as point A and C was
( )x connected (Figure 7(a)).
a

(b) If 75° <0 <135, two triangle were formed and one new
point created label as NP1 in Figure 7(b).
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() If 6> 135° , three triangle AABNP1 , ANP1BNP2 and
ANP2BC were formed with two newpoint NP1 and NP2 and
label in Figure 7(c).

Step 4: Next process of searching nearest point, threshold was
use where distance between new point and B was used NP1B

Threshold =+ (NP1B) (1)

4
Step 5: Update the control points

Step 6: Repeat step 1 through step 4 until the whole region of
holes has been created and fill with triangle

However, when the original AFM method was employed, an
issue occurred when creating the triangle on the corner of a
hole. This issue had particular occurred near the corner of hole
in which there was no connection of the point with any of the
nearest active point by employing threshold radius. Thus, the
issue called as missing features that occurred on a corner of a
hole was solved by employing the new algorithm. In this
research paper, the point that was created by employing AFM
has been labelled as point PT, while the point post employing
EAFM was labelled as NP. This helped in simplifying the
explanation for the process in the later section.

Algorithm (Step 5)
1. Identify the PT point between the line segment
2. Calculate the midpoint (AB) between two end point on the
line segments
3. Calculate Distl = distance PT to the nearest active point
Dist2 = distance AB to the nearest active point
if Dist1 > Dist2
PT considered to be NP
else Distl > Dist2
AB considered to be NP
end

SUBJECT 1

Figure 8 shows the problem associated with Subject 1, after
using the advancing front mesh method (AFM), the point PT
was created and bisecting the line. However there it is at a
significant distance from the previous active point which not
used yet. The enhanced algorithm was employed to deal with
this problem. In the case of Subject 1, the solution is by
identifying point PT and calculating the mid-point (AB)
between the two closest active points A and B as in Figure
8(a).

The distances between point A to both point PT and AB were
measured and compared. It was found that distance of PT was
higher than AB. PT should be the new point; however, the
situation was different because the previous active point had
not been used yet. Therefore, the previous active point was
considered to be the NP. For Subject 1, Fig 8 (b) shows the
obtained results.
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Figure 8: Result of Subject 1
(a) Apply by AFM(b) Apply the Enhanced Method

SUBJECT 2

In the case of Subject 2, the challenge is that an active point is
not present near PT. Therefore, it was required to identify
whether PT was present on the line segment. In case it was not,
a perpendicular bisector would be required to identify such a
point. In this case, the enhanced method was utilised to
calculate the distances between point A and the two points AB
and PT. Since PT was situated at a greater distance, it was
considered to be NP. Figure 9 highlights the results before and
after the application of the enhanced method.

Simple holes boundary
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Simple holes boundary . FINAL RESULTS

Figure 11 highlights the results obtained in the process of
filling holes using the enhanced method, AFM, on the three
Subjects. Table 2 documents the running time and the results
prior to and after filling the holes.

Simple holes boundary
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Table 3:Result before and after for all Subject

Subject Number of Number of Running
Number vertices Triangle Time
Before | After | Before | After
1 303 306 590 603 | 75.3281
2 530 534 1040 | 1056 | 45.3594
3 564 569 1111 1129 | 54.1719

6. CONCLUSION

In this chapter, three objects were utilised as tests for points
missing on the corner of holes. Before addressing the issue of
filling the holes, some pre-processing was performed, and it
was identified that Subject 1 had significantly more missing
boundary than the other two subjects. This paragraph sums up
the current chapter. Processing time was higher for Subject
1(Table 3), given the complex nature of the object. Since the
Delaunay Triangulation for all three subjects was set without
any constraints, it was necessary to identify the boundaries. In
this three object model, problems were identified while filling
the holes. The challenge was in identifying whether the created
point was bisecting the line. Except for Subject 3, the point
was found to be bisecting the line. The enhanced method was
an improvement of the original model and was used in three
different scenarios. Given that the holes do not have a point, an
increase in the number of triangles and vertices is observed.
The introduction of points in holes helps represent better the
features of the object. Subject 3 was observed to have the most
significant increase where the vertices and triangle count saw a
rise. The running time has been the lowest despite the increase
in vertices and triangle owing to the lower number of points
required to represent the boundary.
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