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ABSTRACT:

Recently, with the progress of laser scanning technology, it has become possible to scan several environments such as buildings,
roads, and cities easily and at a low cost. There are typically three scanning methods: TLS (Terrestrial Laser Scanning), MMS
(Mobile Mapping System), and ALS (Airborne Laser Scanning), and the environments are scanned for measurement, modelling,
and simulation etc. Therefore, an efficient and comprehensive data management method, which can handle these point clouds in
various applications is strongly required. In this paper, we describe a method of data management for efficient search and
rendering of multiple large scale point clouds. First, we define a general point cloud file format including the octree and the
quantization structure. Next, the data management method enabling an efficient search and rendering of the point clouds is
proposed. Finally, the effectiveness of our method is verified using several actual data sets.

1. INTRODUCTION

Recently, with the progress of laser scanning technology, it has
become possible to acquire point clouds of several
environments easily. There are three typical scanning methods:
TLS (Terrestrial Laser Scanning), MMS (Mobile Mapping
System), and ALS (Airborne Laser Scanning). TLS can acquire
point clouds in high density and with accuracy, and it can scan
the objects around the scanner. The MMS can scan the road
and the objects near the road such as buildings, trees, and
utility poles with high density and accuracy. ALS can acquire
point clouds of the ground surface and buildings from the
above, but the point density is relatively low. Using these
measurement systems, multiple point clouds which represent
the same objects or region can be obtained, and are applied to
various applications effectively.

Using multiple point clouds supports a more effective use of
scan data in several applications. For example, automatic
object recognition and classification may be achieved more
accurately using multiple point clouds obtained by scanning the
same area. In addition, by using point clouds scanned in the
same location at a different time and date, the changes in land
use can be surveyed. Furthermore, by combining the point
clouds of ALS and TLS, more accurate modelling of buildings
can be achieved (Bohm, 2005). In this way, more accurate
processing or modelling can be achieved using multiple point
clouds of environments scanned in various measurement
systems, and a need for efficient management methods of
multiple point clouds has been growing.

The following are three major requirements for the efficient
use of multiple large scale point clouds.

1) A unified and simple data format: The point clouds are used
in several systems and applications. For smooth use of point
clouds, a simple and general data format is necessary. LAS
format (LAS, 2007) is one of general-purpose formats of point
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clouds, however it has excessive information and the file size
is large.

2) Flexible search of point clouds: It is important to efficiently
acquire point clouds which are suitable and necessary for an
application purpose. It is necessary to be able to search point
clouds not only by time-space, but also by other queries such as
the type of measurement system, measurement place (indoor or
outdoor), and provider etc.

3) Efficient rendering of multiple point clouds: It is important
to render multiple large scale point clouds efficiently and in
high quality. Though a lot of methods for rendering single
point cloud have been proposed (Rusinkiewicz, 2000; Wand,
2007), there is no method for handling multiple point clouds.

In this paper, we propose a data management method for
efficient search and rendering of multiple large scale point
clouds for several applications. First, we define a general point
cloud format for efficient search and rendering. Then we
propose an efficient rendering method of multiple large scale
point clouds. Finally, the effectiveness of our method is
verified using several actual data sets.

2. RELATED WORK

Typically there are two types of storage of point clouds, file
storage and database storage. Generally, more rapid data input-
output can be achieved using file storage compared with
database storage (Shan, 2008). Moreover, file storage is
directly compatible with exploitation and viewing applications.
However, random access based on geospatial criteria cannot be
achieved using file storage. In our proposed data management
method, file storage is used because it conforms directly to the
applications, and rapid data input-output are required. For the
file format of point clouds, LAS format is proposed as the
standard format (LAS, 2007). LAS format is intended to
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contain ALS point data, and LAS format version 2.0 has
extended the format to include general three dimensional point
clouds. This format consists of a file header block, a point
record metadata block, variable length records, and point data.
By describing the point record metadata block, users can
construct any conceivable point record structure. However, the
application interoperability of LAS format files may be low
because of high flexibility, and the data size being large. In this
paper, a compact file format for point cloud applications and
efficient searching using several queries is proposed.

There are several works handling multiple point clouds.
Mandlburger et al. (Mandlburger, 2009) proposed a method of
data management from the data acquisition step to the
application step, however it only refers to ALS and other
measurement systems are not stated. Bohm et al. (Bohm, 2005)
generated accurate CAD models of buildings by integrating
ALS and TLS point clouds. It is possible to create accurate
building models by integrating the ALS data and the TLS data.
This building model can be used as a virtual city model with
LOD (Level of Detail). Lavarone et al. (Lavarone, 2003)
proposed a method of generating a whole 3D model of a
building and its surroundings by integrating multiple point
clouds. These works dealt with multiple point clouds, however
there were no discussions about the data management in detail.

Rusinkiewicz et al. (Rusinkiewicz, 2000) proposed a method
for efficient rendering of large scale 3D mesh data using the
multi-resolution point rendering technique. For the multi-
resolution rendering, the data is converted into a tree structure.
A breadth first search performed during rendering, and the
appropriate resolution can be applied depending on the
viewpoint. Although the method can display large data

efficiently, the method cannot handle multiple files. Wand et al.

(Wand, 2007) described a new out-of-core multi-resolution
data structure for real-time visualization and interactive editing
of large scale point clouds. To achieve efficient rendering,
multi-resolution data structure is created by converting the
point cloud into an octree structure and by creating the
quantized point clouds at each inner node of the octree. In this
method, there is a difficulty in handling multiple point clouds.
We enhance the rendering method (Wand, 2007) in order to
handle multiple point clouds efficiently.

3. PROPOSED DATA MANEGEMENT METHOD
3.1 Overview

Figure 1 shows an overview of the system proposed in this
paper. First, we define a general point cloud format which
meets various requirements in the use of point clouds. Second,
a search method for point clouds in various search queries is
achieved. Third, efficient rendering for multiple large scale
point clouds is described.

3.2 General point cloud data format

3.21 Requirements for point cloud management and
data format: We define a general point cloud data format that
meets the following requirements.
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Figure 1. Overview of proposed data management method

o Requirements for point cloud processing
R1) The point cloud has enough information to meet
several parts of point cloud processing such as
denoising, registration, interpolation, filtering,
rendering, and classification.

o Requirements for point cloud searching
R2) The point cloud can be searched by various search
queries (not only time and space, but also type of
measurement system, provider etc.).
R3) The point cloud can be searched efficiently by spatial
queries.

o Requirements for point cloud rendering
R4) The rendering quality (point density, FPS) can be
maintained while displaying multiple point clouds.

The data structure which meets these requirements is shown in
Figure 2. Details are described as follows.

First about R1, there are typical parts of point cloud processing
such as denoising, registration, interpolation, filtering,
rendering, and classification. Table 1 summarizes the point
cloud processing and information which is necessary to
perform the processing. In denoising (Deschaud, 2010), XYZ
coordinate values and intensity are necessary. Points are moved
onto the estimated surface based on the relation of
neighbouring points or approximated surface. Obvious outliers
and the points whose intensity is extremely low may be
removed. The registration can be generally done using the
XYZ coordinate values (Xin, 2010) and intensity (Bohm,
2007). The coordinate transformation matrix which minimizes
the registration error is calculated. For the lack of points
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caused by occlusion, the point cloud is interpolated by
upsampling techniques such as morphological operation or the
ball-pivoting algorithm (Shi, 2008; Bernardini, 1999). It can be
done by using XYZ coordinate values of neighbouring points.
In filtering, particular points are extracted using XYZ
coordinate values or classification value (Shan, 2008; Zeng,
2008). For example, a ground surface point cloud can be
created by moving or removing particular points according to
the height (Z coordinate value) or echo number. If a point
cloud is classified, a building removed point cloud can be
created by removing the points which are classified as
buildings. In rendering, processed point clouds are displayed
using XYZ coordinate values. Colored point clouds can be
displayed using the RGB values of each point. In classification,
points are classified into predefined classes such as buildings,
ground, and vegetation using XYZ coordinate values or
intensity (Shan, 2008; LAS, 2007). Table 2 shows the specific
contents of the classification field which is configured referring
to LAS specification. Therefore, in our structure, XYZ
coordinate values, intensity, RGB values, echo number and
classification are stored in each point and the coordinate
transformation matrix (trans_matrix) is stored in the file
header as shown in Figure 2.

Finally for meeting R4, it is required that the rendering quality
must be maintained constantly while displaying point clouds
regardless of the viewpoint or number of the points. In
particular, uniform point density and advancement of FPS are
required. To meet these requirements, a quantized point cloud
is stored in each inner node, whose number of points is less
than original point cloud (Wand, 2007). In addition, file ID and
number of points are stored in the file header as a metadata,
and user data (optional field that can be used by users) are
stored in each point and file header for scalability.

Necessary data Output
Denoising X, Y, Z, Intensity XY, Z
Coordinate
Registration X, Y, Z, Intensity transformation
matrix
Interpolation X, Y, Z X,Y,Z(R,G,B)
Filtering X, Y, Z, Classification, XY, Z
echo number
Rendering X, Y, Z R, G, B, Intensity (Rendered image)
Classification X, Y, Z, Intensity Classification

Table 1. Necessary data for point cloud processing
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Figure 2. Data structure of the general point cloud data format
represented in EXPRESS-G

For meeting R2, we store the type of measurement system
(type), measurement time and date (time), measurement range
(min_maxXYZ), measurement place (indoor/outdoor), and
provider (provider) in the header of the file, which enable point
cloud file searching by various search queries. For example,
information about measurement type is useful to apply
algorithms which are designed for point clouds with specific
properties depending on the type of measurement system. For
meeting R3, an octree structure enabling efficient space
searching is built. It is useful to find point clouds in the region
of interest. Moreover, it is useful to find overlap regions
between some point clouds in quality rendering of multiple
point clouds described in chapter 4. Therefore, an octree
structure is built in each point cloud file.
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search and rendering of the point clouds. Figure 3 shows an
example of building octree structure by space subdivision.
Octree is a tree data structure which is used to partition a 3D
space by recursively subdividing it into eight sub spaces. Each
node has eight children nodes. The root node is associated with
a minimum axis-aligned bounding cube of the given point
cloud. Each children node is associated with each uniformly
subdivided cubes of parent node. The leaf node has points in
the associated cube. Each node is recursively subdivided until
the number of points stored in it becomes less than Nmax. An
octree structure enables efficient rendering with view-frustum
culling and determining LOD described in next section.
Moreover, in a case handling multiple point clouds, overlap
region detection can also be efficiently achieved by using an
octree.

3.2.3  Quantization: LOD techniques (Rusinkiewicz, 2000;
Wand, 2007) are necessary for efficient rendering of large scale
point clouds. In order to achieve an LOD representation, we
use quantized points. First, we create a quantization grid in
each inner node by uniformly dividing its cube into k® grid cells
(k is the number of divisions along each side). If there are one
or more points in each quantization grid cell, only one
representative point is selected by a random manner and is
stored in the node. An example of the quantized point clouds is
shown in Figure 3. In this way, uniformly down-sampled points
can be stored in each inner node.
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Figure 3. Octree and quantization

3.3 Rendering method

3.3.1 Rendering of a point cloud: Efficient point cloud
rendering is realized by LOD using quantized points stored in
inner nodes, or original points stored in leaf nodes. A depth-
first search of the octree is performed during rendering. Depth
traversal is done until the node satisfies the condition
s/d <&, and the points of the node is used for rendering,
where s is the side length of quantization grid cell, d is the
distance from viewpoint to barycenter of the points of each
octree node, & is a threshold (Figure 4). When the viewpoint
becomes closer to the point cloud, value d becomes small and
more detailed points in deeper nodes are rendered. Conversely,
when the viewpoint becomes far from the point cloud, value d
becomes large and more down-sampled points in upper level
nodes are rendered. As a result, real-time view-dependent LOD
can be achieved.

View frustum

d : Distance from
view point
to barycenter

k3grid

Barycenter of the points
View point

Figure 4. Each symbol
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3.3.2 Rendering multiple point clouds with overlaps: If
there is overlappings among multiple point clouds, rendering is
done by the following method to maintain the uniform point
density of the point clouds. Figure 5 shows the overview of
rendering method of multiple point clouds with overlaps.

i) Detect overlap region among multiple point clouds using
bounding cubes of octrees (Figure 5 (a)).

ii) If overlaps exist, search the nodes N whose cubes are
entirely included in the overlap region (Figure 5 (b)).

iii) For the node satisfying the condition s/d <&’ (where
&' <) in N, the points stored in the node are rendered.
For the other node in N, a part of the quantized points
stored in the parent node are rendered (Figure 5 (c), (d)).
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Figure 5. Rendering of multiple point clouds with overlaps

3.4 Search function

In our system, it is possible to search point clouds by several
queries such as measurement range, measurement time and
date, type of measurement system, provider, and measurement
place (indoor/outdoor). Searching point clouds by several
queries is useful in several applications. For example,
modelling of buildings can be done using a point cloud
acquired by searching based on measurement range and
measurement place (outdoor). As another example, object
recognition and surveying of land use can be done using point
clouds obtained by searching based on measurement range and
measurement time and date. The search process consists of the
following two stages.

First, point cloud files are searched according to user specified
queries. The table which contains information of the file
header is used for searching. If the range is used as a query,
point clouds in the files obtained by the search are used in the
following search.

Then, the search based on range is performed for each point
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cloud in each file obtained by the search. Points in the query
range are efficiently found using an octree structure.

4. RESULTS AND EVALUATIONS
4.1 Test data sets and implementation

Data sets used in the tests are summarized in Table 3. We used
two data sets which were scanned in urban area at Kyoto and
Tokyo, Japan. Data set 1 consists of 10 files of MMS point
clouds, and the total number of points is about 3 million
(Ishikawa, 2009). Data set 2 consists of 2 files of MMS point
clouds and 1 file of ALS point cloud, and the total number of
points is about 12 million. Each data set is shown in Figure 6
and 7. Our system was implemented on a standard PC with
Intel Core i7 2.93GHz, 8GB RAM, and GeForce GTX 470
graphics board. All tests were performed at parameters
Nmax=100,000, k=128.

Data set 1 Data set 2
Scan type MMS x 2
and files MMSx 10 ALS x 1

11,935,168
Total points (zé?)%iyoirlfiles) ("M, 4M in MMS files
P 1M in ALS file)

Location Uji, Kyoto, Japan Tyofu, Tokyo, Japan
Provider Waseda University E.(I?II;USN KOGYO O,

Table 3. Data set

4.2 Results of point cloud searching

Figure 6 shows the result of searching point clouds using
measurement range (Global coordinate: -28000.0 < x < -27700,
-37700 < y < -37350) and type of measurement system as a
search query, and Figure 7 shows the result of searching point
clouds using measurement time and date (UTC time:
35665.6825-357018.9277). The point clouds satisfying given
query were obtained from multiple point cloud files.

¥ Range (Global Coordinate):
B4 -28000.0< x<-27700.0
-37700.0<y < -37350.0

Scan type: ALS

Figure 6. A result of searching by measurement system and
range from multiple point cloud files

207

Whole point cloud

Search by
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time and date
(UTC time
35665.6825 -
357018.9277)

Result (zoom)

Figure 7. A result of searching by measurement time

4.3 Results of point cloud rendering

Comparison of point clouds rendered using an octree and
quantized points of our method and without them is shown in
Figure 8. As shown in the figure, using an octree and
quantization structure, in case where the viewpoint was far
from the point cloud (Figure 8 left), the quantized point clouds
were rendered. In case where the viewpoint was close to point
cloud (Figure 8 right), more detailed point clouds were
rendered. Thus, LOD depending on the viewpoint was
achieved. The rendering result in the case of the closer
viewpoint was similar to the one of the original point cloud as
shown in Figure 8 right.

£ i
By :
¥

.
!

i

5

:

Rendering with octree and quantization structure

Figure 8. Result of point cloud rendering
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In order to verify the effect of the octree and quantized points,
we measured the FPS of rendering the point cloud. The
average FPSs when moving the viewpoint 30 seconds at
random near and far off the point clouds were measured. In the
case of the far viewpoint, the whole region of the given point
clouds was rendered, and in the near case, a local region of the
point clouds was rendered. Table 4 shows the average FPS of
each case. As show in Table 4 (a), in the case of the far
viewpoint, FPS could be improved by dozens of times using an
octree and quantization structure compared with the case
without particular structure. In the case of the near viewpoint,
efficient rendering could be achieved by the use of quantized
points and view-frustum culling. Moreover, FPSs in the case of
using the overlap detection described in section 3.3.2 are also
shown in Table 4 (b). The FPSs were measured under same
viewpoint conditions described above. The point clouds were
rendered more efficiently by using overlap detection when the
viewpoint was close to the point cloud. This is because the
point density was uniformed in the area of measurement
overlaps.

Octree and quantizaiton structure

(a) Nooverlap (b) Rendering with
detection overlap detection

No particular
structure

Viewpoint

Far 22 X22 484 50.1
Near 22 x3.14 g9 x4.86 183

Table 4. Value of FPS [fps]

5. CONCLUSIONS

In this paper, first, the requirements for data management of
point clouds were discussed, and a general point cloud format
which meets the requirements for the use of point clouds in
several point processing was defined. Second, an efficient
search using the headers and octree structure of general point
cloud data format was achieved. Then, an efficient rendering
for multiple large scale point clouds using octree structure and
quantized point cloud was achieved. Finally, we confirmed that
a flexible search and efficient rendering of multiple point
clouds could be achieved with the proposed data management
method.
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