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Abstract. In this paper, we propose a panoramic mesh modeling method from
multiple range data for indoor scene reconstruction. The input to the proposed
method is several sets of point clouds obtained from different viewpoints. An
integrated mesh model is generated from the input point clouds. Firstly, we par-
tition the input point cloud to sub-point clouds according to each camera’s
viewing frustum. Then, we sample the partitioned sub-point clouds adaptively
and triangulate the sampled point cloud. Finally, we merge all triangulated
models of sub-point clouds to represent the whole indoor scene as one model.
Our method considers occlusion between two adjacent views and it filters out
invisible part of point cloud without any prior knowledge. While preserving the
features of the scene, adaptive sampling reduces the size of resulting mesh
model for practical usage. The proposed method is modularized and applicable
to the other modeling applications which handle multiple range data.

1 Introduction

Virtual environment (VE) generation is one of major task in virtual reality (VR)
applications. The realism of the VE is important since it increase users’ immersion
to the virtual world. VE is usually created by computer graphic (CG) modeling
software, such as Maya and 3DS Max. However, constructing large VE with 3D CG
modeling software requires much time and effort. To create realistic VE, we have to
design everything of the environment to be modeled before modeling. In this re-
gard, VE generation by modeling the real scene is one of solutions for constructing
realistic VE.

With increasing interest in this area, there have been many researches on VE gen-
eration from the real scene. One approach is using range scanners to obtain 3D data
from the real environment [1][2][3][12][13][14]. The environment is scanned and 3D
information of the environment is obtained as point clouds. Textures obtained from
the photos of the environment are mapped to the reconstructed model for realism.
Range scanners provide accurate data, however they are designed for scanning objects
in short distance. Thus, it is inconvenient for modeling large area. In addition, the
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range scanners are not affordable in general usage and used in few limited purposes.
Another approach is reconstructing environment by extracting 3D information from
multi-view images [4]. 3D structure of the environment is generated from relationship
among the images. Using cameras for 3D reconstruction contains noises compared
with the approach exploiting range scanner. Panoramic images of the environment are
also used in modeling [5][6][15]. Panoramic images are taken by omni-directional
cameras and 3D scene is reconstructed. There are many different approaches of mod-
eling the real scene, however mesh modeling from 3D data is commonly needed to
create surface from the 3D point data.

In this paper, we propose a panoramic mesh model generation method from mul-
tiple range data for indoor scene reconstruction. We use 3D vision-based modeling
method to create mesh models from multiple noisy range data. The 3D point clouds
are obtained from multiple viewpoints and all point clouds are registered in 3D
space. The input to the proposed modeling method is the registered point clouds and
reconstructed camera matrices of all viewpoints. Firstly, we partition the input point
cloud to several sub-point clouds according to each camera’s viewing frustum.
Then, we sample the partitioned sub-point clouds adaptively and generate a mesh
model from each sampled point cloud by triangulation. Finally, we merge all trian-
gulated models of all the partitions to represent the whole indoor scene as one
model. The modeling sequence of the proposed method is shown in Fig 1.
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Fig. 1. Panoramic mesh modeling process

Our mesh modeling method considers occlusion between two adjacent views and it
filters out invisible part of point cloud without any prior knowledge. While preserving
the features of the scene, adaptive sampling reduces the size of resulting mesh model
for practical usage. The proposed method is modularized and applicable to the other
modeling applications which handle multiple range data.

The rest of this paper is organized as follows. We explain the proposed mesh mod-
eling method in chapter 2. The experimental results and analysis are described in
chapter 3. Conclusions and future work are presented in chapter 4.



1006 W. Lee and W. Woo

2 Panoramic Mesh Modeling from Multiple Range Data

2.1 Data Acquisition

In data acquisition step, we obtain 3D data of the indoor environment to be modeled
as point clouds using a multi-view camera. The multi-view camera gives a 3D point
cloud of a view. To obtain accurate data, we calibrate the multi-view camera and we
calculate the instrinsic parameters. The relationship between two adjacent viewpoints
is calculated using a co-planar pattern. The data obtained from a viewpoint has its
own reference coordinate system. We register all data to locate them in a common
reference coordinate system using projection-based registration method [7]. The reg-
istered point clouds and the reconstructed camera matrices are input to the modeling
process.

2.2 3D Point Cloud Partition

As the first step of the proposed mesh modeling method, we partition input point
cloud of the indoor scene into sub-point clouds. Since we obtain 3D points of a view
using 3D vision theory, each 3D point of a point cloud corresponds to each pixel of
the image captured from a viewpoint. Triangulation of pixels generates naive mesh
model of the point cloud. The normal vector of each 3D point is calculated using the
triangles around the vertex. We exploit these initial 3D meshes to partition visible
points only.

To do partition, we consider each camera’s viewing frustum. We discard the points
which are outside viewing frustum of the camera. 6 planes surrounding the viewing
frustum are calculated and the directions of normal vectors of the planes are set to
face inside of the viewing frustum. A 3D point is in the viewing frustum, if the point
is upper region of all the planes. This property is evaluated according to equation 1.
For a plane L;, a point p, is in the lower region of the plane L;, if yis negative.

L =ax+by+cz+d,; Di (s s )
ax;+hy +ez +di=y

ey

y20: pyis in the upper region

¥y <0 : pyis in the lower region

Then, we determine if a point in the viewing frustum is visible to the camera or
not. For the points in the viewing frustum, visibility confidence is calculated as shown
in equation 2.

Dot(V,,,.N;)

am?

= b

Visibility confidence=—
where, V., is the normalized vector of the camera’s viewing direction and N is the
normalized normal vector of the point. d is the distance between the camera and the
point p;. Dot(V,,,, N;) is dot product between two vectors.

If the point is visible to camera the confidence value is positive. If not, we assume
that the point is not visible from current viewpoint. As shown in Fig 2, the point set S,
is not visible to the camera C;, but is visible to C,. Even though it is not visible to Cj,
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it is in the viewing frustum of C,. After the confidence value is calculated, the point
set S, is culled out. Some part of Sj; is visible to C; and C;, simultaneously. In this
case the point is assigned to the partition where the point has the largest confidence
value. As a result of partitioning, we obtain sub-point clouds S;s and each sub-point
cloud S, is associated to each camera C;.

Fig. 2. 3D point cloud partition with viewing frustum

2.3 Adaptive Sampling

There are several points with different coordinates which represent the same point in
the real scene in the registered point cloud, since there exist errors in range data and in
registration. Thus, we need to remove overlapping points and to sample these points
to generate a surface.

For the sub-point cloud S;, we project it onto the camera’s image plane using pro-
jection matrix of the camera. We create a grid with resolution of the image used in
data acquisition step on the image plane. Each cell of the grid corresponds to a pixel
of the image. Then, we search the points which are inside of a K™ cell, G,. Since we
know the corresponding 3D coordinates of projected points, the 3D coordinates of the
3D point that corresponds to the cell Gy is calculated from the projected points inside
G as shown in Fig 3. The (Gy,,Gy,,G.) is the 3D point corresponding to the cell G.

Median value of each coordinate is calculated and assigned to Gy according to the
equation 3.

Gy, = median(Seq(x))
G;, = median(Seq(y)) 3)

Gy. = median(Seq(z))

where, Seq(x), Seq(y) and Seq(z) are the sequences of the each coordinates of the 3D
points that correspond to the projected points inside the cell G;.

As the resolution of the image used in data acquisition becomes larger, the number
of points of the mesh model increases. However, large size mesh model is not desir-
able to be used in practical usage, since it requires much hardware resource for ren-
dering and may result in low performance. If the surface the point cloud forms has
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Fig. 3. Calculation of 3D coordinates of a cell

small variation, we can represent the surface with smaller number of points. In this
paper, depth information is a key feature to be preserved. Thus, we apply adaptive
sampling to simplify the triangulated model while preserving depth information of the
scene. To reduce the number of points, we focus on the variation of the z values of the
points. We adaptively sample the grid according to the depth variation. The gradient
of Gy, is calculated with respect to the horizontal and vertical scanline as shown in
equation 4. For each scan line, the absolute values of gradient of G,, and G,, are cal-
culated. If 8, the root of squared sum of gradient in horizontal and vertical scanline, is
smaller than threshold value, the point is cut out.

oG
5 = |G<u+1>z = Gu1y;
u
3G 4)
= |Gyurye = G
av ‘

2 2 (%)
5= dG,, N JG,,
Ju v
2.4 Triangulation and Mesh Integration

After adaptive sampling we have 2D point cloud and corresponding 3D point cloud in
each partition of a view. To triangulate 3D point cloud, we triangulate 2D point cloud
using Dealunay triangulation [10]. The 2D triangulation result is applied to corre-
sponding 3D point cloud. Dealunay triangulation result in convex hull of a 2D point
cloud, however, the expected result is not convex hull but the triangulation of 2D
point cloud preserving its shape of boundary. Thus, we add 4 extreme points of which
coordinates are the 4 corners in image coordinate system before triangulation and
remove triangles that contain the extreme points after triangulation. For the
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realism, we exploit images captured from cameras as textures. For texture mapping
the index of a cell in the grid on the image plane is used as texture coordinates of the
corresponding 3D point.

After sampled point clouds of all the partitions are triangulated, we merge them to
one mesh model to represent whole indoor environment. Since there is no connec-
tivity between two adjacent mesh models, there exist gap between partitions. The
points on the boundaries of two adjacent mesh models are triangulated to merge them
together. The points on the left and right boundary of a sampled point cloud are the
points corresponding to the left-most and right-most cells of the grid on the image
plane. For triangulation of two adjacent boundaries, we connect the points which have
similar height in 3D space. Then, we triangulate the points the points which have no
connection. The mesh integration process is depicted in Fig 4.

M, M,
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Fig. 4. Mesh integration process (a) Mesh merging of two adjacent models (b) The points on
two adjacent boundaries (c¢) Connection of the points with similar height (d) Triangulation
result

3 Experimental Results

To obtain 3D point cloud in each viewpoint, we used Digiclops which is a multi-view
camera [9]. In this experiment, we modeled two walls of a room. The point clouds of
the room to be modeled were obtained by moving a multi-view camera. There are
overlapping areas between cameras’ views. When we captured a scene, we used a
planar pattern to calibrate the camera.

Fig 5 shows the result of partitioning input point clouds. After the visibility confi-
dence values are calculated, the input point clouds are partitioned to sub-point clouds.
Each partition is rendered with different color in Fig 5.
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(b)

Fig. 5. Partitions of a wall of the room (a) Colored original point cloud (b) Partitioned point
cloud

Fig 6 shows a triangulated model to which the adaptive sampling is not applied.
The triangulated model is rendered in point and wire-frame in Fig 6(a) and Fig 6(b),
respectively. The textured model is shown in Fig 6(c). Since there are many points
and the triangles of the mesh model is too small, Fig 6(b) looks like a surface even
though it is rendered in wire-frame mode.

(a) (b) (©

Fig. 6. Triangulated model before adaptive sampling (a) Point model (b) Wire-frame model (c)
Textured model

The result of adaptive sampling is shown in Fig 6. Fig 7(a), Fig 7(b) and Fig 7(c)
show the point model, wire-frame model and textured model respectively. Note that
our key feature, depth information, is preserved and many of points on the smooth
area are removed. The adaptive sampling reduces the number of points of the mesh
model while preserving the features of the scene. Texture mapping improves the vis-
ual quality of the simplified model. Consequently, even though a number of points are
removed, the visual quality of the model is not much different from the
original model.
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(c)

Fig. 7. Triangulated model after adaptive sampling (a) point model (b) wire-frame model (c)
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Fig. 8. The number of points of sampled models with different threshold values

Fig 8 shows the number of points with different threshold values. The number of
points of the mesh model decreases as the threshold value increases. However, reduc-
tion rate decreases as the threshold value increases.

We applied our adaptive sampling algorithm to the red scanline in Fig 6(c) and the
result is shown in Fig 9. Fig 9(a) shows the distribution of z axis values of the points on
the scanline. Fig 9(b) is the gradient of G, in horizontal direction. According to the gra-
dient of the z coordinates associated to a grid on an image plane, the points with small
gradient values are removed and the points with large variation in z axis are preserved
as shown in Fig 9(d). If we select too large threshold value, the precise depth informa-
tion is lost. We set the threshold value 10cm in this experiment based on our experimen-
tal result. In Fig 9, the gradient values are scaled to see the result clearly.

In Fig 10, shows the bookshelf of the scene. Since the reconstructed model has 3D
information, we can see that the doll on the bookshelf becomes to be occluded as the
rotation angle increases. This is one of major differences from the 2D image-based
panorama which is constructed by stitching several 2D images. In 2D image based
panorama the scene is static and it is not possible to see different scene according to
viewpoint. Thus, users can navigate the reconstructed VE with depth information.
This property of 3D panoramic VE provides more realistic feeling to users.
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Fig. 9. The result of adaptive sampling of a scan line (a) Raw data of coordinates in z axis (b)
Gradient of z coordinates with respect to u (c) Absolute value of gradient (d) Thresholded
values

The integrated indoor scene model is shown in Fig 10. The floor is added manu-
ally. Fig 11(a) is the bird’s-eye-view and Fig 11(b), Fig 11(c) and Fig 11(d) are mag-
nified view of parts of the panoramic VE model. As shown in the magnified views,
the reconstructed indoor scene model is photo-realistic enough to be used in virtual
reality applications.

(a) (b)
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() (d)

Fig. 10. Depth information of the panoramic mesh model (c) 15° rotation (d) 20° rotation

(©) (d)

Fig. 11. Modeling result of an indoor scene (a) Bird’s-eye-view (b) Window part (c) AV lack
part (d) Tiled-display part

4 Conclusions and Future Work

In this paper, we proposed panoramic mesh modeling method from multiple range
data for indoor scene reconstruction. The registered 3D point cloud is the input to the
algorithm and a panoramic mesh model of indoor scene is generated. The input point
cloud is partitioned to sub-point clouds. Each sub-point cloud is sampled and triangu-
lated. After that, we merge all triangulated models of sub-point clouds to represent the
whole indoor scene as one model. Our mesh modeling method considers occlusion
between two adjacent views and it filters out invisible part of point cloud without any
prior knowledge. While preserving the features of the scene, adaptive sampling
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reduces the size of resulting mesh model for practical usage. Depth information of the
scene is preserved. The proposed method is modularized and applicable to the other
modeling applications which handle multiple range data. As future work, we are go-
ing to improve our adaptive sampling to create smooth surface from point clouds with
smaller number of points. The other work to be done is applying our modeling algo-
rithm to complex scene which contains many objects in our daily life.
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