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Fig. 1 Flowchart of proposed method
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Fig. 2 Tllustration of point cloud segmentation based on graph-cuts model. (a) Aligned result of two heterologous point

clouds; (b) segmentation results
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Fig. 3 Tllustrations of guided point cloud filtering with blended point clouds. (a)—(b) Terrestrial laser scanning (TLS)

point cloud used only; (¢)—(d) proposed method
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Table 1

Detailed description of three datasets

Types of point  Quantity of Quantity of

Dataset

Quantity of

Distance
Method of  Method of MVS

between

cloud point cloud /10° TLS stations photos photo-graphing reconstruction
the points /m
TLS 35.45 8 0.01
Laboratory
o Aerial oblique
building  Dense matching 31. 64 78 Smart 3D 0.017
photography
TLS 59. 14 19 0.006
Courthouse
Dense matching 27.05 1106 Groud-view COLMAP 0.013
TLS 12.74 9 0. 004
Barn
Dense matching 5.42 179 Groud-view COLMAP 0.02

Notes: MVS represents multi-view stereo.
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Table 2 Parameters used in experiment

Parameter Value

Point neighbourhood for normals and KNN graph 10

Blending distance control /m 0.1
Blending colour control 6
Blending smoothness 2

Point neighbourhood for guided point cloud filter 50
Filtering quality control 0.1

Radius parameter for filtering /m 0.3
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Fig. 4 TLS point cloud and dense matching point cloud of a laboratory building. (a) TLS point cloud; (b) dense matching

point cloud; (c¢) aligned result of two different point clouds; (d) point cloud of area Al; (e) point cloud of area A2;

(D) point cloud of area C; (g) point cloud of area B1; (h) point cloud of area B2; (i) point cloud of area D
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Fig. 5 Fusing results of two cross-source point clouds by using proposed method. (a) Dense matching point cloud
processed by using proposed segmentation method; (b) dense matching point cloud segmented and smoothed by
using proposed method; (c¢) segmented dense matching point cloud and TLS point cloud; (d) final dense matching

point cloud and TLS point cloud processed by proposed method
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Fig. 6 Comparison between facade LiDAR point cloud and dense matching point cloud of a laboratory building. (a) Aligned
result of LiDAR point cloud and dense matching point cloud; (b) blended point clouds after segmentation;

(c¢) comparison between original dense matching point cloud and smoothed point cloud based on progressive
migration method; (d) comparison between original dense matching point cloud and smoothed point cloud based on
proposed method; (e) smoothed dense matching point cloud based on progressive migration method; (f) smoothed

dense matching point cloud based on proposed method; (g) blended point clouds with overlapped area;

(h) comparison between original dense matching point cloud and smoothed point cloud based on progressive
migration method; (i) comparison between original dense matching point cloud and smoothed point cloud based on
proposed method; (j) comparison between two smoothed dense matching point clouds based on proposed method

and progressive migration method
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Table 3 Quantitative evaluation of smoothing effect of dense matching point cloud on TanksandTemples benchmark at

evaluation threshold of 10 cm

Evaluation for Courthouse

Method

Evaluation for Barn

Accuracy /%  Completeness /%  Time /s  Accuracy /%  Completeness /%  Time /s
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Fusion Method of LiDAR Point Cloud and Dense Matching Point Cloud

Yan Li, Ren Dawei, Xie Hong , Wei Pengcheng
School of Geodesy and Geomatics, Wuhan University, Wuhan 430079, Hubei, China

Abstract

Objective The fusion of three-dimensional (3D) laser scanning and photogrammetry is a hot topic in urban 3D
reconstruction. Using the dense point cloud obtained from the oblique images to improve the integrity of the scene
entity, overcome the limitation of laser scanning technology, which is difficult to scan completely, and realise the
fusion of different source point clouds with varying accuracy has significant research implications. The reconstructed
method by fusing multi-source point clouds can take advantage of the complementary characteristics of multi-source
point clouds and is one of the effective methods for improving model reconstruction quality and solving the data loss
problem. However, owing to acquisition methods and equipment errors, there are many differences in multi-source
point cloud data, such as point cloud density, distribution uniformity, accuracy, noise, coverage and occlusion. The
current standard method is multi-source point cloud registration. On the one hand, the aligned point clouds improve
the reconstructed completeness of the scene, but there are bound to be stratified, redundant noise in the mixed point
clouds, and the aligned point cloud’s edge is not smooth. On the other hand, point clouds with noise and redundant
information will directly degrade the quality of surface reconstruction. We propose a fusion method based on a graph-
cuts algorithm and guided 3D point cloud filtering algorithm to address the problems of quality degradation and
stratification in the fusion of terrestrial laser scanning (TLS) point clouds and dense matching point clouds from
aerial oblique images.

Methods In this paper, a new fusion method of TLS cloud and the dense matching point cloud is proposed. First,
dense matching point clouds are split using the graph-cuts algorithm, which combines geometry and colour
information. The data term of the energy function is built based on the distance between the multi-view stereo
(MVS) point cloud and the TLS point cloud, as well as the angle between their normal vectors, and the geometric
neighbourhood relationship and colour difference in the MVS point cloud are then combined to build the smooth item.
The graph-cuts algorithm is used to optimise the MVS point cloud’ s binary classification label sets, and the
overlapping redundant area of the MVS point cloud is removed based on the TLS point cloud. The remaining dense
point cloud is then used to fill the gaps and occlusions in the LiDAR point cloud. This paper proposes a neighbourhood
point selection strategy that selects an appropriate proportion of dense matching points and LiDAR points as guided
filtering neighbourhood point sets for the points to be processed that are near the boundary of the LiDAR point cloud.
Finally, the guided 3D point cloud filtering algorithm weighted by surface curvature is used to reduce blending
boundary gaps and correct stratified redundancy in the blended point cloud.

Results and Discussions This paper conducts qualitative and quantitative experiments to demonstrate the efficacy
of the proposed method in improving the quality of blended point clouds. The three data sets are described in detail in
Table 1. The first type of data is a dense matching point cloud and ground laser scanning point cloud obtained from
aerial oblique images of a laboratory building (Fig. 4). The proposed method eliminates the gap in the overlapping
area of TLS point cloud and MVS point cloud, reduces noise at the left edge of the building, and corrects and
integrates the stratified layer of MVS point cloud into the TLS point cloud of the building facade, resulting in multi-
source point cloud fusion with different accuracy (Fig. 5). When the graph-cuts algorithm fails to remove the
overlapping area of the MVS point cloud ideally, the guided point cloud filtering algorithm weighted by the surface
curvature can move the dense point cloud as a whole to the plane of the LiDAR point cloud, removing redundancy and
stratified layers (Fig. 6). When compared to the progressive migration algorithm, the proposed method improves
the accuracy and completeness of the dense point cloud smoothed. The accuracy of the smoothed MVS point cloud of
Courthouse data has increased from 67.51% to 71.17%, and the completeness of the Courthouse data has increased
from 77.96% to 80.25% (Table 3). The guided point cloud filtering algorithm weighted by the surface curvature
can adjust the smoothing parameter adaptively based on the flatness of the point cloud neighbourhood, improving the
smoothing effect without destroying the original point cloud structure. Experiments show that the proposed method
improves the accuracy and completeness of the fused dense matching point cloud, and they are improved by 5.42%
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and 2.94%, respectively, when compared to existing methods. The proposed method can help with a high-quality
fusion of LiDAR point cloud and dense matching point cloud.

Conclusions This paper proposes a TLS point cloud and MVS point cloud fusion method based on the graph-cuts
algorithm and the guided point cloud filtering algorithm. The graph-cuts algorithm is used to fuse the geometry and
colour information of heterogeneous point clouds, and the neighbourhood relationship is considered to ensure the
consistency of dense matching point clouds after segmentation. Then, using a neighbourhood point selection
strategy, an appropriate proportion of the guide point cloud filtering neighbourhood points are chosen for the dense
point cloud near the boundary of the LiDAR point cloud, to realise the guided point cloud filtering weighted by the
surface curvature. The experimental results of fusing heterogeneous point clouds with different accuracy, smoothing
the gap at the junction of mixed point clouds, and correcting stratification are realised. Experiments show that the
proposed method can effectively remove the overlapping and redundant parts of the MVS point cloud and the LiDAR
point cloud, as well as improve the accuracy and completeness of the dense matching point cloud, which benefits
surface reconstruction.

Key words remote sensing; LiDAR point cloud; dense matching point cloud; point cloud fusion; graph-cuts
algorithm; guided point cloud filtering
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