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Fig. 1 Flowchart of the proposed algorithm. (a) Ground filtering processing; (b) tunnel wall extraction process; (c) target ball extraction

process
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Fig. 3 Tunnel wall and target ball processing state at each stage. (a) DBSCAN coarse segmentation of region of interest; (b) area where

target balls may be distributed; (c) tunnel wall; (d) spherical surface fitting; (e) visualization of fitting target balls; (f) distribution

of fitted target balls in original tunnel
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Fig. 4 Original tunnel point cloud data. (a) Schematic of Scene 1; (b) schematic of Scene 2
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Table 2 Construction modes of each ground filtering method

Method Ground filter method
Method 1 Cloth simulation filter (CSF)""
Method 2 Slope filter'"!
Ca (%ig, Y, 2a) y Method 3 Region growing filter"””
Method 4 Grid elevation filter™”
Method 5 Pass-through filter
Method 6 RANSAC
Method 7 RANSAC+normal estimation
RANSAC+normal estimation+ pass-
5 R M A R RUR B Method & through filter
Fig. 5 Schematic of volume of intersecting part of two spheres e Voxel downsampling+RANSAC+normal
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Table 3 Filtering accuracy evaluation results

Scene Method a, b, Co d, E; o /% Eqpen /% Ereu/% Kiappa /%  Time /s
Method 1 2117946 21740 220753 13139677 1.00 1.65 1.56 93.67 43.56
Method 2 941344 1198342 5382 13355048 56.01 0.04 7.77 57.39 92.59
Method 3 1114268 1025418 447867 12912563 47.92 3.35 9.50 54.95 9869.62
Method 4 1864664 267431 808615 13092999 12.85 2.00 3.50 85.27 46.11
Scene 1 Method 5 2139660 26 385993 12974437 0.01 2.89 2.49 90.27 4.337
Method 6 1280132 859554 1828 13358602 40.17 0.01 5.56 71.92 354.45
Method 7 1567680 572006 2978 13357452 26.73 0.02 3.71 82.45 360.44
Method 8 2036749 102937 6954 13353476 4.81 0.05 0.71 96.96 357.36
Ours 2124060 15626 68303 13292127 0.73 0.50 0.54 97.75 8.73
Method 1 831525 38538 168974 2855800 4.43 5.59 5.33 85.42 12.78
Method 2 699708 170355 7154 3017620 19.57 0.24 4.56 85.92 22.89
Method 3 264733 605330 510681 2514093 69.57 16.88 28.65 14.09 899.45
Method 4 855390 14673 87157 2937617 1.69 2.88 2.61 92.68 11.60
Scene 2 Method 5 870040 23 133780 2890994 0.03 4.42 3.44 90.61 1.18
Method 6 708615 161448 2211 3022563 18.56 0.07 4.20 87.05 88.77
Method 7 756647 113416 3674 3021100 13.04 0.12 3.01 90.93 94.38
Method 8 869016 1047 63285 2961489 0.12 2.09 1.65 95.36 92.13
Ours 868328 1735 43540 2981234 0.20 1.44 1.16 96.71 3.50
Average accuracy of our method for two scenes 0.47 0.97 0.85 97.23 6.12
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Abstract

Objective The quality of tunnel engineering is crucial factor for ensuring traffic operation safety. In this regard, tunnel construction
analysis, tunnel deformation monitoring, and tunnel disaster prediction and early warning can be realized by using three-dimensional
laser scanner to scan the tunnel regularly or irregularly to generate a point cloud model and then analyze the point cloud data. The
segmentation of tunnel wall and target sphere from scanned tunnel laser point cloud scenes is an important part of tunnel 3D
reconstruction and is the key technology for realizing the automatic monitoring of tunnel scenes. However, the tunnel 3D point cloud
obtained by laser scanning often contains noise points and outliers, a high proportion of which is attributable to the ground points,
which are connected with the tunnel wall, in the tunnel point cloud scenes. Direct processing of the tunnel point cloud data affects the
extraction and recognition of the target sphere and tunnel wall. Considering the challenge of tunnel ground filtering and the lack of
application platforms directly usable to segment the tunnel wall and extract the point cloud of the tunnel target ball, a ground filtering
algorithm suitable for tunnel scenes and extraction method of the tunnel wall and target ball are proposed herein.

Methods Given that extant point cloud filtering algorithms are not suitable for tunnel point cloud scenes, this paper proposes a
ground filtering algorithm based on a combination of RANSAC plane fitting and pass-through filtering based on normal evaluation. A
normal estimation process is added to the plane based on RANSAC fitting to ensure that the fitting optimal plane model is on the
tunnel ground level. Then, the points below the optimal plane level are filtered out in conjunction with the pass-through filtering to
obtain the tunnel ground points. Considering that it is challenging to extract the tunnel wall and target sphere, a segmentation method
for laser point cloud on the tunnel wall (from coarse to fine) and a target sphere extraction method are proposed herein. First, the
region of interest is extracted from the tunnel feature points, and the noise point clusters of the non-tunnel wall are then filtered out
based on the DBSCAN method under constraints so as to obtain the tunnel wall model and possible distribution area of the target ball.
The DBSCAN fine segmentation of the possible distribution area of the target ball under constraints is performed to obtain the target
ball point clusters, and the nonlinear least squares (NLS) fitting is employed to obtain the ball center coordinates and related
parameters of the target ball.

Results and Discussions This paper also presents the verification of the effectiveness of the proposed ground filtering algorithm
and target ball and tunnel wall extraction method in two tunnel scenes. Table 3 indicates that the proposed ground filtering method is
superior to the conventional CSF filtering, slope filtering, and ground filtering methods in terms of the regional growth and elevation
change for three types of errors, Kappa coefficient values, and time efficiency values. Thus, the effectiveness and advantages of the
proposed filtering algorithm in tunnel scenes are demonstrated. Table 3 and Fig. 7 (b) show that the Kappa coefficient value of the
proposed filtering algorithm is the highest, indicating its high robustness. As indicated by the results of the fusion comparison
experiment, as compared to the RANSAC plane fitting, the fusion of normal estimation, pass-through filtering, and downsampling
has a better effect on the ground filtering, and the comprehensive filtering effect is stronger than that of the comparison methods. This
paper presents a comparison of the target sphere cluster (DBRTS) obtained by the DBSCAN condition constraint method and the
manually intercepted target sphere cluster (Manual) by using ball fitting experiments. The final ball center error and fitting rate verify
the effectiveness of the method of obtaining the target sphere and fitting method proposed herein. It is evident from the comparison in
Table 4 that among the three target balls, the fitting effect of the proposed method is not as good as that of the NLS fitting. This is
because the manually intercepted target ball point cloud retains more target points, and the more the details, the better the fitting
effect. However, the proposed method can be employed to automatically obtain the target ball point cloud; this is more applicable and
robust than the method of manually intercepting the target ball. Moreover, the spherical center error of DBRTS on the second and
third fitting target balls is smaller than that of the NLS fitting method of manually intercepting the target ball; this indicates that the
spherical center coordinates of the target ball fitted by this method are closer to the true values. In general, the target sphere point
cloud obtained with our method and sphere fitting method proposed in this paper have evident advantages and are applicable in tunnel

point cloud scenes.

Conclusions Considering the 3D point cloud data of tunnel scenes as the research object, this paper first proposes a ground filtering
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algorithm that entails a combination of the RANSAC plane fitting method based on normal evaluation and pass-through filtering. This
method dynamically adjusts the threshold according to the point cloud scene and realizes adaptive filtering, which has good
applicability and robustness. Second, a target sphere and tunnel wall extraction scheme based on DBSCAN constraint conditions and
NLS sphere fitting is also proposed. The clustering segmentation is mainly realized using the density property of point cloud. The
tunnel wall and target sphere point clusters are extracted by filtering the noise point clusters in the tunnel by standardizing the
constraint conditions, and the relevant parameters and distribution are then obtained by fitting the target sphere point clusters based on
the NLS sphere. The target sphere point cloud obtained by this method is compared with the manually intercepted target sphere point
cloud. The experimental results indicate the effectiveness of this method and also highlight the advantages of the NLS sphere fitting,
which completed the target sphere extraction task in tunnel scenes. Although the proposed algorithm achieves good results, a few
deficiencies still exist. For example, regarding large-scale laser point cloud scenes, adoption of DBSCAN clustering segmentation is

time-consuming, and some methods to improve the efficiency of clustering optimization algorithm can be studied in the future.

Key words remote sensing; tunnel scene; laser point cloud; ground filtering; tunnel wall extraction; target sphere extraction
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