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Process flow of proposed point cloud registration method
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Fig. 2 Construction of kernel triangle. (a) Kernel triangles of source point cloud; (b) kernel triangles of target point cloud
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Table 1 Information of experimental data

Point
. Image . . Point cloud Scale Holes
Experiment Platform Image resolution  Point number . cloud ) )
number resolution /m . difference  and noise
density
Satellite 2 0.6m/0.8m 2951830 0.60 82.6
1 939 Some
Close-range 345 2. 8cm 19653882 0.28 1148.5
Satellite 2 0.6m/0.8m 2530455 0.60 81.4
2 260 Many
Close-range 193 3.0 cm 6568756 0. 30 1023.0
Satellite 2 0.6m/0.8m 1498842 0. 60 53.8
3 134 Plenty
Close-range 70 5.0cm 1850839 0.50 128.8
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Fig. 3 Node correspondence between two graphs in three experiments. (a) Experiment 1; (b) experiment 2; (c) experiment 3
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Fig. 4 Comparison between satellite and aerial point cloud before and after registration
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Table 2 Accuracy comparison of coarse and fine registration

unit: m

Experiment 1 Experiment 2 Experiment 3

RMSE ME RMSE ME RMSE ME
Coarse registration  7.56 6.93 7.45 6.66 23.79 21.61
5.16 5.11 6.39 5.69 9.02 8.66
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Fine registration
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Table 3 Comparison of registration performance between proposed algorithm and other algorithms

Experiment 1

Experiment 2 Experiment 3

Algorithm ; ; .
Time /s Chamfer distance Time /s Chamfer distance Time /s Chamfer distance
CPD 2910. 92 0.238 1153. 01 0.235 309.02 0.234
RANSAC 13113.22 0.194 4331.51 0. 105 1943. 10 0.175
IGSP 343.99 0.187 803.09 0.211 746.09 0.238
ICP 32.84 0.113 28.63 0. 094 22.59 0.102
Proposed 71.04 0. 106 45.63 0. 080 37.82 0. 094
RANSAC IGSP proposed ground truth
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Fig. 5 Visualization of point cloud registration results of different algorithms
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Abstract

Objective  With the development of optical photogrammetry technologies, there are more and more means to perceive
three-dimensional (3D) point clouds that describe the same object or scene. Through satellite photogrammetry, we can
quickly obtain dense urban point clouds in a wide area, but the surface information of the target is not clear because the
sensor 1s too far away, and even the data collected by the close-range platform has fine structure and texture information.
However, when there is no precise positioning system or absolute control points, the generated point cloud is in an
arbitrary model coordinate system. The rapid and high-precision registration between large-scale point clouds of close-
range images and point clouds of satellite images has great potential for applications such as smart city construction,
disaster relief, and emergency response. However, there are many problems in this task, which makes it difficult to
achieve efficient registration between the two. For example, the resolution of satellite images and close-range images is
different, which leads to a large difference in the point density between the two point clouds. As the sensor’s line of sight is
blocked, there are many holes in point clouds of images. The scale difference in the coordinate system between the close-
range point cloud and the satellite point cloud is arbitrary. The image point cloud contains a large number of noise points
and outliers because of defects in the dense image-matching algorithm. To this end, an efficient cross-source image point
cloud registration method is proposed on the basis of graph theory, which is automatic, fast, and robust. It is believed that
the proposed basic registration strategy and graph-matching method can be helpful for the data fusion and reconstruction of

large-scale satellite image point clouds and close-range image point clouds.

Methods First of all, the ground plane direction in the point cloud is found through the geometric features of the point
cloud. The rotation angle of the planar normal vector with respect to the vertical direction of the satellite point cloud is
calculated so that the close-range point cloud is roughly aligned with the satellite point cloud on the ground. Then, the
centers of the buildings are taken as the nodes, and the layout relationship of buildings in the point cloud is constructed into
a graph, which transforms the point cloud registration problem into a graph-matching problem. Afterward, kernel triangles
are constructed according to geometric constraints as registration primitives, and higher-order similarity information is used
to find the global optimal match of graphs. Finally, the ICP algorithm is adopted for fine registration to obtain high-

precision and cross-source point cloud registration results.

Results and Discussions The point cloud of the Gaofen-7 satellite images and the point cloud of UAV close-range
images in three regions of Henan Province are selected for experiments to verify the effectiveness of the proposed method.
There are 22 pairs, 13 pairs, and 11 pairs of nodes that are matched in the three experiments (Fig. 3). In the three
experiments with different numbers of holes and noise points, the graph with higher-order similarity information can
accurately obtain a sufficient number of matching nodes, overcoming the density and scale differences. Upon the
application of the ICP algorithm, the integrated point clouds are obtained, which not only show rich geometric structure
and texture details but also have real geographic coordinates (Fig. 4). The coarse registration algorithm based on graph
matching enables the ICP algorithm to avoid falling into a local optimal solution, which has good registration accuracy on
three datasets of different scales, densities, and noise. The root-mean-square errors of the three experiments are only

5.16 m, 6.39 m, and 9.02 m (Table 2). Finally, the existing four algorithms are used to register three experimental
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datasets in this paper (Fig. 5) for the performance comparison with the proposed registration method. The experimental

results show that the proposed method is independent of noise points and outliers. It can overcome the density differences
of different point clouds and eliminate coordinate scale differences of about 939 times. The overall registration speed is
improved by a factor of 51-184 compared to that of the comparison methods, and the proposed method is automatic,

robust, and efficient.

Conclusions This paper mainly studies the scale differences, density differences, noise points, and outlier problems in
the registration of satellite-image point clouds and close-range image point clouds. A novel point cloud registration method
is proposed, which transforms the point cloud registration problem into a graph-matching problem according to graph
theory. The centers of buildings are taken as the nodes, and the layout relationship of buildings in the point cloud is
constructed into a graph. Kernel triangles are constructed pursuant to geometric constraints as registration primitives.
Then, a graph-matching method using the higher-order similarity information of the graph is presented to obtain the spatial
transformation model, and the ICP algorithm is used for fine registration. Finally, experiments are conducted on high-
resolution satellite-image point clouds and close-range image point clouds in three different regions of Henan Province.
The close-range point cloud containing structure and texture details is successfully converted to the spatial coordinate
system of the satellite point cloud, and a refined 3D point cloud with real geographic coordinates is obtained. Multiple sets
of experimental data show that the proposed method can robustly and quickly register cross-source image point clouds in

contrast with other methods.

Key words remote sensing; image point cloud; point cloud registration; graph theory; Gaofen-7 satellite
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