<]
TUDelft

Delft University of Technology

HARTERFESHEREZNBIEE

Yang, Zexin; Ye, Qin; Wang, Xufei; Ravi, Peters

DOI
10.3788/CJL221360

Publication date
2023

Document Version
Final published version

Published in
Zhongguo Jiguang/Chinese Journal of Lasers

Citation (APA) _
Yang, Z., Ye, Q.,,Wang, X.,, &Ravi,P. 2023). BB T SR R Z N ME I =1 8 3 & .
Zhongguo Jiguang/Chinese Journal of Lasers, 50(10), Article 1010004. https://doi.org/10.3788/CJL221360

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.3788/CJL221360
https://doi.org/10.3788/CJL221360

Green Open Access added to TU Delft Institutional Repository

'You share, we take care!’ - Taverne project

https://www.openaccess.nl/en/you-share-we-take-care

Otherwise as indicated in the copyright section: the publisher
is the copyright holder of this work and the author uses the
Dutch legislation to make this work public.



#50% £ 10H#/2023 F£ 5 B/HEEL

Ifi ) 3 1 5 5 S D 2 oF A S = 1) 1 Bl

BEEY, g TR, Ravi Peters’
g R 4 5 b HE B e, B 200092
R RS EL Tk A BFFS AL, 2% IURKSS 2628 BL;
Rk B REEA RSB L, L1 200092

WE R 2R R = B R BT T RV A 2 10 DG B S TR R ST o A I M 2 T R 4% 2 S 2 T Y
A2 o Bl X S YR 2 I AT BC AT 5 b RO LB 54 22 52 R 7 S R A R B X A AR SCHR R T — b A Sl Y T4
ey o S ST 37 37 0 R A A 2 B Sk 03 ) Sy S T DX B, A AR 408 A ST T A R R T AR S Y F 4 0 R LG
B AT, 5 SR S B TR] A R A T Ao 22 1] S 28 25 % g 1] 4 44 1 419 B 2 249 3R, VE TR AR URF BE A5 = 5 L B e ) 9 T 44 e
X5 B Je )T [ 2 0 o TR M B 45 2 00, 9 17 T 2 45 2 HORE 1 TRC 0 2 e 40 28 FL A 2 R A B 3R v o B 45 £ =2 REARR
P e — SR I 7T 37 S M R S R 2 AT s B B 1T R O I A AR o SEUR A R AR R SCOT I RERS A 8l
VA | fe 00 S BT 37 5 S R 2 I AL s A TE TG VB , AT 88 v O AR I AN

XA B Ml WiAZEsY; RELSMHA S BOHE SRNELR S

mESES P237 NEIRER A

1 51 5

UTAF SR, BOLFN B A 5 R I e BAR A R VA
R B R AR 1 = 2 AT 2 M0 9 A IBOYE B2 5 R 4 AR
s R EPSYINE SRR Ut )y b SR N ] )
BE I I RO SO IR SR AN TR 2 A
KRB SR R, REAE BT 47 3 AR AR HAr iy 58 B 1R
B ST A R S EUE . 2 B
W T R A X G B4 A A A S Sl i A A I ) R Al
Bl

S U 22 I A A 2 B VR TG VR S B A% 2R S B
MEETE . SN Al ARS s % — 2
—AARBR R T o A I I A T A A ] S (1 D R
44 1) VSR ik WA 6 4 2 00, B A T v 10 T IR JEE
(ELR: 25 HORS W A M T 2 1 (5 SR IR 2% I, i HL AR
g, L, A SR o BCAEROR — B2 AR5
4 BIF 5 4R A o

LRI A R B 2 JC 4 E 1 5 58 2R P ML I — 5 TE
HE R AR o 0 T4 A B R X 2 ] G R R A Y
mz BUBCHE B 7EAG TR e S 8, LUK B AT 23 1) 56
Z RGO HE T LIOKL I o 45 A o im0 f A 2
SO ) P e 2 R RS o R T A 9 e BT R 2B
TR, PRI A T 2 BC R A OGBS T 1) 3T

DOI: 10.3788/CJL221360

S 2 ML T T 3 0 R R T AR - 1) AR SR
FRAE £ woE SUN R H W Mo g R
T A TN B AT S B R T 5 2) K R A ik
FE R Al L LA 2935 3) BEAT DT AE AU H T
ZHIC;4) TR A ET T RS 2805k
(491 4 BE AL R R — BOpk 7 kT el H Bk gy k) SR
FH B SR ms R 20 B8 2) FD IR 3) w2 R MR kAR
(o b3R5 5 AR e ] — R R B A AR B 240 mi w1
A [ R A~ 15 AR IBCRY [ 955 2 (9] 0 3t K HIL 20RT 42 4%
WOLTE B S =) BA BRI .

B, T [ 36k i 37 5 09 e 9 22 6 R R s B TR A TG
WEATS IR R — TPk . AT 55 B4 = RO

1) Bl MU R o S R 22 I AR A 2 B R 22 1
eS8 TR R AR RS R s . B,
5 TR PR A 2 B B AR LU, R AR B i RO
EZN & ATy

2) SR A = S 25 K . OB K A = 1Y ifE
Tl J3E AN 52 13 s S A 3 50 (L HC A AT s A B, i 3%
15 % 4 DT 0 A A B8R i o 1 5 e, HLAE R o0
A T 3 ) 1) 2R RRAE AL, 5L G 1 R FORS AR, ELAF
TE R B

3) Z MR = YRR . Z A = B R
A IR 1] 5 38 500G, o Wi ) 2 ) — 37 5 oP ) S D AF AR Y

KRS BHEE: 2022-10-24; 1EEBEH: 2022-11-26; FABH: 2022-12-14; MK EH L BH . 2022-12-24

E&mAE:
(4360143302)
BIS1EE . yeqin@tongji.edu.cn

[ R H R BR 2 5 4 (41771480) . BT A AR Bl 27 3 4 (22ZR1465700) | [6] 3% K 24 0F 5% Ak [ B A2 3 %5 4 101 H

1010004-1


https://dx.doi.org/10.3788/CJL221360
mailto:E-mail:yeqin@tongji.edu.cn
mailto:E-mail:yeqin@tongji.edu.cn

£ 50% £ 10 H9/2023 £ 5 B/ EHt

Fo sl T o 25 A2 A, e IC v RS ST Y 7 LA

DA b B30 P A DR 3t T ) 4 B v S Y 2 B
SR, AR T o4 BT 5 B R

BEXT B3 TR AL, AR SCHR T — B X 3 oK 3
S R 22 I A s 25 9 JC U A T e v 4% 5 e 1) 3 B v T
o H AR St A S P AR RO R AR E
Sk R GG 1A HE AU G B A 5 45 AR M AA LA D B
B 5 H A 1B] B A X 25 ) S R ERF IS A = 5 AR =
Z () 57 R] 44 0 56 AR 5 dn i 2 T [ 44 A e e

source
point cloud

SR RIS 15 W I 25 )88 P 48— 2 W)

2 5T

AR SCAR R T 45 E HE T ik A 4 0% B AR AL )
44 s VT TIC G 45 2 BORE AF = A B B, H e B R AR A
KT R . ZOrik e Hal iy, AN T T3 4 %
— XL Rz, =B B A S i A 2 e R
L

target
point cloud

E1 P Jr i p i e
Fig. 1 Flow chart of the proposed method
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Fig. 3 An example of keypoint generation. (a) Input point cloud; (b) filtered ground points (colored in black); (¢) planar building

segments (each segment is assigned a random color); (d) keypoints (colored in blue)
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Fig. 4 Global constraint. (a) Fully-connected undirected graph
G constructed in source point cloud; (b) fully-connected

undirected graph G constructed in target point cloud
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Table 2 Experimental parameters

Number of Rendering

Data Sensor Year .
points color

AHN 2 2007-2012 29965392 Red

AHN 3 Airborne LIDAR 2014-2019 23344097  Yellow

AHN 4 2021 61319099  Green
DM 18 2018 50969462 Blue
DM 19 Photogrammetry 2019 51529187  Purple
DM 20 2020 51282336 Pink

Parameter Stage Threshold
5 Keypoint generation and 15
correspondence matching
dy /m 0.2

0/C) . ) 20
Keypoint generation
1p 50
d. /m 4
dy /m . 0.2
Correspondence matching
ng 10000
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Fig. 7 Close-up view of registration results. (a) Overlay of AHN 2, AHN 3, and AHN 4 point clouds; (b) AHN 2 point cloud;
(c) AHN 3 point cloud; (d) AHN 4 point cloud
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Fig. 8 Registered building point clouds, where figures (a), (c¢), and (e) provide three-dimensional view, and figures (b), (d), and (f)

give side view. (a)(b) Building with flat roof; (c)(d) building with gable roofs; (e)(f) building with circular pitched roof

#3 ARSI

Table 3 Statistics on generated virtual keypoints

Point cloud ID Quantity of keypoints Runtime /s
AHN 2 9098 43.3
AHN 3 9967 39.1
AHN 4 10048 82.4
DM 18 9600 61.5
DM 19 10324 65.7
DM 20 9992 57.4
Average 9838 58.2
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Table 4 Accuracy of registration results

Quantity of

Method Pair ID correspondences Runtime /s Ap /() A, /cm A, /cm
AHN 2—AHN 3 4079 324.5 0.1 1.1 1.9
AHN 4—>AHN 3 4396 324.7 0 2.0 1.8
Baseline® DM 18—>AHN 3 1297 298.0 0 10.0 12.6
DM 19—~AHN 3 2114 306.8 0.2 4.2 5.5
DM 20—AHN 3 2028 296.7 0.4 12.1 7.3
Average 2783 310.1 0.2 5.9 5.8
AHN 2—AHN 3 1276 2.1 0 0.8 1.4
AHN 4—>AHN 3 1964 3.0 0 1.1 1.1
DM 18—>AHN 3 577 4.1 0.5 15.8 16.0
Ours DM 19—~AHN 3 1626 6.2 0.2 5.2 5.4
DM 20—AHN 3 1301 7.4 0.5 13.9 8.0
Average 1349 4.6 0.2 7.4 6.4
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Automated Registration of Cross-Source and Multi-Temporal Point Clouds
in Urban Areas
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Abstract

Objective Recent advancements in laser scanners and photogrammetry technology have significantly reduced the cost of acquiring
3D point clouds. Consequently, various types of point clouds have gradually become popular data sources for urban applications. The
accurate registration of cross-source and multi-temporal point clouds must be ensured before developing applications based on 3D point
clouds. However, this is a challenging task owing to (1) the large amount of data to be considered, (2) the wide discrepancy in
characteristics between cross-source point clouds, and (3) the significant changes in a scene represented by multi-temporal point
clouds. These data characteristics can harm the extraction and matching of registration primitives, resulting in the poor performance of
marker-free registration techniques. In this paper, we propose an automated, efficient, and marker-free method for registering cross-
source and multi-temporal point clouds in urban areas.

Methods The proposed registration method comprises three stages: keypoint generation, correspondence matching, and
transformation estimation. (1) Keypoint generation. We generate object-level virtual keypoints as registration primitives rather than
directly extracting local features from point clouds, which are redundant and sensitive to outliers and missing data. Specifically, the
ground points are first filtered out via the cloth simulation filtering algorithm. The remaining points are decomposed into planar
segments by fitting planes in a region-growing manner. Finally, virtual keypoints are determined as the endpoints of intersecting line
segments of two adjacent planes. (2) Correspondence matching. First, local triangles are constructed using the generated virtual
keypoints as vertices to encode the relative spatial relationships among keypoints within a point cloud. Second, the triangle sets of
both point clouds are mapped to a feature space where the triangles become 3D feature points. For each feature point in the source
point cloud, we determine its closest point in the target point cloud, forming triangle pairs between the two point clouds. Finally, we
propose an improved global matching approach with linear time complexity to extract correspondences encoded in the triangle pairs.
(3) Transformation estimation. As cross-source and multi-temporal point clouds are typically well-leveled, registration can be
achieved by aligning the two point clouds horizontally and translating them vertically. We use the horizontal coordinates of the
correspondences to estimate the 2D horizontal transformation and their vertical coordinates to calculate the vertical translation.

Results and Discussions We evaluated the effectiveness of the proposed method using large-scale real-world urban point clouds.

The experimental data consist of six cross-source and multi-temporal point clouds, including three airborne light detection and ranging
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(LiDAR) point clouds and three photogrammetric point clouds, which cover an urban area of 1. 8 km® in Rotterdam, the Netherlands.
Each point cloud comprises a large number of points (approximately 20-60 million points per point cloud; refer to Table 1 for details).
Additionally, as the point clouds were collected over a long period of time, many of the objects in the scene have changed
considerably. These two characteristics make them suitable for performing comprehensive evaluations of automatic marker-free
registration methods. To evaluate the registration results qualitatively, we visualized a randomly selected region (Fig. 7) and three
manually selected buildings with varying architectural styles (Fig. 8). Despite the different characteristics of cross-source point clouds
and the significant changes in scenes, the proposed method could accurately align all five registration pairs formed by the six
experimental point clouds. To evaluate the registration results quantitatively, we calculated both matrix-based errors (i. e. , rotation
and translation errors) as well as pointwise errors. The evaluation is summarized in Table 4. Our automatic registration results have
an average pointwise error of 6.4 ¢cm, whereas the average matrix-based errors are 0.2’ for rotation and 7.4 cm for translation.
Furthermore, despite the massive size of the experimental point clouds, the proposed approach required only 105.7 s to achieve
pairwise registration on average. Both qualitative and quantitative results demonstrate the effectiveness of the proposed method for
registering cross-source and multi-temporal urban point clouds.

Conclusions A fully automated marker-free registration approach is presented for cross-source and multi-temporal point clouds in
urban environments. Object-level virtual keypoints are generated from urban point clouds as registration primitives, thereby
overcoming the challenge of identifying valid corresponding features. By encoding rigid body spatial relations among the generated
virtual keypoints, we establish correspondences between the source and target point clouds, resulting in efficient matching for large-
scale urban scenes. Experiments on real-world data demonstrate that the proposed method can automatically, accurately, and
efficiently register cross-source and multi-temporal point clouds in urban areas, indicating its practical utility. In the future, we would
like to collect more data to test the robustness of the proposed method. Moreover, we intend to study the potential of the proposed
matching algorithm in the fusion of general multi-source data, e. g. , aligning 3D building point clouds with 2D building footprints.

Key words remote sensing; point cloud registration; kinematics of rigid bodies; cross-source and multi-temporal point clouds; light

detection and ranging; photogrammetric point clouds
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