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Fig. 2 Schematic diagram of gradient calculation
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T e | RARIE KR L 2 SRR L A R 205 I 4 8,
(7 BRSO e (R T ) A0 5 B A g U 2009 = 2 25 M P SO
R 1 RieglHOGHHAUR IMU B 152 28
Table 1 Performance parameters of Riegl laser scanner and IMU
Device Parameter Value
Laser pulse repetition rate /kHz up to 1000
Laser beam divergence /mrad 0.5
Laser scanner Riegl-VUX-1HA Scanning mechanism Rotating mirror
- Accuracy /mm 5
Field of view (selectable) 360°, full circle

Scan speed (selectable) /(r+s™")

10~250

Gyro drift
IMU

Maintain accuracy

Roll: 0.01°/h; pitch: 0.01°/h; yaw: 0.01°/h/cos / (/ representing

latitude)
Roll: 1%0; pitch: 1%0; yaw: 3%i~5%,
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PRI X A T M T FE 3R X, 3k T R L
T A Ik T R T S R R AT L T R Rk
F 45 L4 40 k/h 22 45 4 3 R AR KR VR Ml 9 18] 7™ 4K 4
AN B AT HE R R S s T E LA S G S
0 DX P B AR ST A AR 2R R 2 ENLE S
Z RPN, T BCE U B AN — B
T EAHE I T 0 TR AR S 4 1 SE PR C TSR o

fif B SSW 28 RSB E 8 AF SWDY FIT JARF
CloudCompare ¥ 17 55 2= F& 7= FlBC E 25 3 PF Al , 36 F

Python it & Ml Spyder £ lUHF &K A F # 17 g f2 . SL400
W —H WinlO#AE R G M E A i, CPU 9
LIRBEA IS AL PR RS, T4 2. 3 GHz, BovESZE Bl
K 43 B B — ARG H bR 5 2 FIRE BEHE = 5
W SXIOCESL , M a i RK S, YR GFES
A B T EECME R R LR W AT £ SR IR AT
Sb R ARSI E TP S RO R B 1R 2 I R
KERKEE . R AT B R E MR FE, 28
WS B BN 2R .

x2 BHwhmEESHORE

Table 2 Main parameter settings in algorithm

Parameter category

Parameter settings

Data preprocessing

Mileage split value 25 m, overlapping area =140 m*,

voxel grid size 0. 05 m, upper dynamic range 0. 6 m

Elevation registration

GNSS duration interruption time 4 min, rotation angle threshold 0. 04°, lower dynamic range 0. 1 m,
iterative decrement unit 0. 02 m

Plane registration

Fixed range threshold 0. 5 m, surface curvature threshold <<0. 03, cumulative times threshold 40

Thread and ending
conditions

Number of parallel threads 12 (dynamic), error threshold <<2X 10 *m,

front-to-back difference threshold 10" m, maximum iteration 270

3.2 #HIFPAIE

MR 2. 1797 N 25 $2 B 1 o5, an &1 6 (a) F1E] 6(b)
FIT 7N, 2066 08 U Ah B IS 1 B0 A7 AR 25 P B TE L A
() 0 A A0 R U8 U A AL B, dnE 6 (d) B, J8 0 X
SRR B A AT GE AT, LA T s = R AE

AR A T O LA Sy A ARG X T L E 2 Y
FRA M AT IR P L1 5 m o iR B, SRR
FH AT 84T R Y o Hrh B B B (B 0~0. 135,
DB B a2 SRy i), A A R 5] 6 () it s, A5 200 B
T IR 25, %k 3 1 1 b R A R BA AR 4 e 4

(d) 140000 F 5172

120000

20000

0

% Cringe | 360585 55570 | 510545 | 05600 | 00015
g TG00 count 135172 223 9856 267 1295
E 61.5-63.0 | 63.0-64.5 | 64.566.0 | 66.0-67.5 | 67.5-69.0
fg — count 1110 287 1246 285 1375
2 [rnse 90703 | 03720 | 720735 | 735750 | 750765 |
o

¢ 364 536 694 913 1
£ 60000 F e
)
g
E 40000
=
=
o
E‘

Point cloud elevation value

FI6 M TH A S ROCR B (a) JF IR TE B a5 = 5 (D) BB BE BRI 45 2R 5 (o) i B2 % B A0 A DB U 45 21 s (d) i 2= v R 85 B 4 A 1
Fig. 6 Ground point cloud filtering effect. (a) Original road point cloud; (b) gradient filtering result;

(¢) elevation density distribution filtering result; (d) point cloud elevation density distribution
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@ (b)

7 KEKBOH I A = L () TER m 2 T 5 X (b) JRy Al 40795 i K
Fig. 7 Ground point cloud range of long road section. (a) Overlapping area of round-trip point clouds; (b) local detail magnification
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Fig. 8 Elevation registration effect. (a) Point clouds of original road section; (b) target point sets and point sets to be registered;

(c) registration results

0210002-9



E50%& F2H8/20234£ 1 A/H0E#N:
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B 9(a) 2 — A e LN S = o B 9(b) HBEML
T B PO 2 R Uh H Ar s 2 (0 ) RN A BE o 5 = (2%
), LI AE I s o5 = S B R . 14 9 (e) K
P 2. 4. 2 W N AT A Bh B vE R 25 3 B &
HEATHRIE o S T 5T UL Ml Y S B R R X E 9 () Hp

Hie v 45 SR R AT JR B A0 1 O, W 9(d) B o MK HE
B UESE T LU, RV R 357 B /9 H b i = AT i
M 2 25 8] 23 A 5 Ok R RCEL T o st Wy kO BT 4R B ik
MIEAT LS B TC O HL Al o B R TS v SR B0 Ik
W ok R B9 K 3 5% ICP s = BC e 7 06 BAT — 52 1Y &
PRk
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Fig. 9 Plane registration effect. (a) Point clouds of original road section; (b) target point sets and point sets to be registered;

(c) registration results; (d) local details
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Fig. 10 Comparison of registration results using different methods. (a) Point-to-point ICP method; (b) CPD method; (¢) RANSAC-ICP

method; (d) GICP method; (e) improved ICP method proposed in this paper

F 3 IR 0 TC RS 5 Rk R A0
Table 3 Registration accuracy and efficiency analysis of

different algorithms

Registration

Algorithm accuracy /m Registration time /s
Point-to-point ICP 13.073 217.253
CPD 2.934 =300. 000
RANSAC-ICP 0.036 236.940
GICP 0.157 28.652
Improved ICP 0.014 9.776
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Fig. 11 Accuracy verification of experimental results. (a) Distribution of improved ICP and manual registration parameters;

(b) parameter residual in X direction; (c) parameter residual in Y direction; (d) parameter residual in Z direction
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Abstract

Objective Vehicle-borne mobile measurement system has been widely used in many industries and departments because of its high
accuracy, fast speed and rich information. Vehicle-borne point cloud also plays an increasingly important role in the task of real scene
three-dimensional reconstruction. In practical applications, due to the blocking of Global Navigation Satellite System (GNSS) signal
by viaducts and high-rise buildings in urban areas, the calculated revisited road point clouds have problems of layering and offset, so
that they cannot meet the needs of actual engineering projects. In order to improve the quality of vehicle-borne point cloud data, it is
necessary to correct the position deviation of point cloud by registration technology. At present, the registration algorithms combining
deep learning and feature extraction have been widely studied, but they mainly focus on the ground fixed stations, indoor and small-
scale sample point clouds. There are relatively few studies on vehicle-borne point cloud registration. The traditional registration
algorithms applied to large scene vehicle-borne point clouds still have the limitations of low accuracy and low efficiency. Aiming at the

above problems, a point cloud registration method combining ground points and rod objects is proposed in this paper.

Methods In the proposed method, firstly, the ground point cloud is extracted based on the gradient algorithm and the elevation
density distribution function. Then, the mileage segmentation is used to segment the long route point cloud to calculate the
overlapping area of two point clouds by using the extreme value range of the ground point. The elevation difference is constrained to
automatically generate a stable matching relationship between the target point set and the point set to be registered. Secondly, aiming
at the limitation of iterative closest point (ICP) algorithm with high requirements for initial position, the registration process is divided
into two steps: the elevation registration based on ground points and the plane registration based on rod objects. The elevation
registration uses voxel filter method to strengthen terrain features based on ground points, obtains accurate matching point sequence
and calculates initial registration parameters by using distance constraints, so as to provide good pose information for the subsequent
fine registration. The plane registration takes the rod objects as the registration primitive. The surface curvature feature is added on
the basis of the pass-through filter to limit the cylindrical section of the rods, and the threshold is set to eliminate the wrong adjacent
point pairs to improve the registration accuracy and speed. Finally, the point cloud smoothing of the long route is realized by linear

interpolation.

Results and Discussions The proposed registration method is used for vehicle-borne point cloud registration by using SSW
vehicle-borne mobile measurement system to collect experimental data, including those obtained on urban roads and tens of kilometers
of urban expressways and highways. After ground filtering (Fig. 6) and automatic matching (Fig. 7) of revisited point sets, the
elevation registration results (Fig. 8) show that the registration method proposed in this paper can accurately register two ground point
clouds with good coarse registration effect, providing robust initial pose for the plane registration. Subsequently, the improved ICP
algorithm is used for plane fine registration (Fig. 9). Compared with mainstream algorithms such as RANSAC-ICP and GICP (Fig.
10), it is shown in Table 3 that even if the spatial distribution of the vehicle-borne point clouds in the large scenes is discrete and some
ground objects are missing, the overall registration accuracy of the proposed algorithm is high, the calculation efficiency is increased
by more than three times, and the high-efficiency and high-precision registration is realized. Compared with the traditional manual

interactive registration results (Fig. 11), the translation deviations in the X and Y directions are 0. 04 m, and that in the Z direction is

0210002-14



RN $£50% 5 2H81/2023 £ 1 B/FEHN
0.03 m. The root mean square error is about 0. 03 m, which can meet the application requirements of point cloud registration.

Conclusions Aiming at the problem of inconsistent position of multi-trip vehicle-borne laser point clouds on the revisited road
section, we propose a fine registration method using the combination of ground points and rod objects. In this method, the rigid
correspondence relationship between two point clouds is established by preprocessing such as ground point extraction, mileage
segmentation and overlapping area calculation, and the registration process is divided into two stages: first elevation registration and
then plane registration. Typical ground points and rod objects are used as the registration primitives. Combined with voxel filtering,
spatial distance constraint and limited curvature threshold, ICP algorithm is improved to calculate the rotation matrix and translation
vector. The results show that the method proposed in this paper can achieve automatic registration under the condition of complex
point cloud objects, multiple noise points and no prior information, complete the high fusion of point clouds and improve the
registration efficiency. Compared with the mainstream methods, facing the complex large scene urban environment, the robustness
and universality of the improved ICP algorithm proposed in this paper are stronger, and the registration error is generally less than

0.04 m. In a word, this method is simple and accurate in practical applications.

Key words image processing; vehicle-borne laser scanning; point cloud registration; ground filtering; rod features; surface curvature

threshold; iterative closest point algorithm
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