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K6 HLEE = k4s
Fig. 6 Classification results of airborne point cloud

( (a)single-scale features; (b) multi-scale features)
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Fig.7 Munich Technical University dataset classification

results( (a) original data; (b) classification results)
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Table 1 Comparison of classification results at different

scales on different datasets by our method
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F1-score
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C 0.82 0.8 0.81 0.8 0.81 0.88
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Fig.8 The optimization results by multi-label

graph-cut on Semantic3D dataset
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Table 2 The optimization results by multi-label
graph-cut on Semantic3D dataset

PRaE HEWR PR F1 {4
Ni& HhE 0.81 0.90 0. 86
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R 0. 68 0.91 0.78
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(IUN 0.98 0.59 0.73
4 0.90 0.90 0.90
K2 0.88 0. 88 0. 87
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Table 3 Comparison of classification results on

Semantic3D dataset among different methods

Tk i3
SR AL 1 ( Weinmann 28 ,2015b) 0.742
DNNSP( Wang % ,2018b) 0. 893
PointNet + + (Qi % ,2017) 0. 857
A 0. 880

3 & it

BT B 5 A B AT BRI, i R T
PRER G B 22 ]UBE R AE AR I, R AN TR) RUBE A9 ¢ ik
RE AT JFl i SR8 I HI L W46 70 2
BRI, SCERAS RN, AT A L, AR SR

i 22 RUBE R BE S S i CE B R MRk R 2 W )
FREE A, AR SCTT 5 A PR SRR IR BT TR 3
5 RIS AEAZ AT AR AR i 2 ) Y 2 S P g Ay s
PRl A S 1 OEAEE IR FE LAY
Bdla e FMLEE e S L RE AT 920 e D] T AR ST i
HDRE RS e

SRNT, 37 5 A 52 2 MR 25 0000 1) 2 JEE AN
PSSR, S EUR A R A R — P
I, i T 20528 B ERE LA S i = 1 R
S TER IR IR R AR ER B TR 00 B ARMERT 21 1E # 45
Mo ME N TARR FEA SR MAESE A 2R |
A 3 TR SCHLIN By BR A A A AL 73245 RAE Dy it —
AHTFE R ERE T 1A

S % 3Lk ( References)

Ali W, Abdelkarim S, Zahran M, Zidan M and Sallab A E. 2018.
YOLO3D: end-to-end real-time 3D oriented object bounding box
detection from LiDAR point cloud//Proceedings of 2018 European
Conference on Computer Vision. Munich, Germany: Springer:
#11131 [ DOI: doi. org/10. 1007/978-3-030-11015-4_54 ]

Bassier M, Van Genechten B and Vergauwen M. 2019. Classification of
sensor independent point cloud data of building objects using random
forests. Journal of Building Engineering, 21 468-477 [ DOI: 10.
1016/j. jobe. 2018.04. 027 ]

Boykov Y, Veksler O and Zabih R. 2001. Fast approximate energy mini-
mization via graph cuts. IEEE Transactions on Pattern Analysis and
Machine Intelligence, 23 (11): 1222-1239 [ DOI. 10. 1109/34.
969114 ]

Breiman L. 2001. Random Forests. Machine learning. 45(1) . 5-32

Charles R Q, Su H, Kaichun M and Guibas L J. 2017. PointNet: deep
learning on point sets for 3D classification and segmentation//Pro-
ceedings of 2017 IEEE Conference on Computer Vision and Pattern
Recognition. Honolulu, USA: IEEE. 77-85 [ DOI. 10. 1109/
CVPR.2017.16]

Chen D, Zhang L. Q, Mathiopoulos T and Huang X F. 2014. A method-
ology for automated segmentation and reconstruction of urban 3-D
buildings from ALS point clouds. IEEE Journal of Selected Topics in
Applied Earth Observations and Remote Sensing, 7 (10): 4199-
4217 [ DOI: 10.1109/JSTARS. 2014. 2349003 ]

Cheng M, Zhang H C, Wang C and Li J. 2017. Extraction and classifi-
cation of road markings using mobile laser scanning point clouds.
IEEE Journal of Selected Topics in Applied Earth Observations and
Remote Sensing, 10 (3): 1182-1196 [ DOI. 10. 1109/JSTARS.
2016. 2606507 |

Demantké J, Mallet C, David N and Vallet B. 2011. Dimensionality



$26%E /5511872021 F11 B

i, i, BEE, BEF, EXE
BRBRRRAREFIERENES DR

based scale selection in 3D LiDAR point clouds//Proceedings of the
International Archives of the Photogrammetry, Remote Sensing and
Spatial Information Sciences. Calgary, Canada: ISPRS: 97-102
[ DOL: 10.5194/isprsarchives-XXXVIII-5-W12-97-2011 ]

Dittrich A, Weinmann M and Hinz S. 2017. Analytical and numerical
investigations on the accuracy and robustness of geometric features
extracted from 3D point cloud data. ISPRS Journal of Photogramme-
try and Remote Sensing, 126: 195-208 [ DOI. 10. 1016/j.
isprsjprs. 2017.02.012 ]

Filin S and Pfeifer N. 2005. Neighborhood systems for airborne laser
data. Photogrammetric Engineering and Remote Sensing, 71 (6):
743-755 [ DOI: 10. 14358/PERS. 71.6.743 |

Grauman K and Darrell T. 2005. The pyramid match kernel: discrimina-
tive classification with sets of image features//Proceedings of the
10th IEEE International Conference on Computer Vision. Beijing,
China: IEEE. 1458-1465 [ DOI: 10.1109/ICCV.2005.239 ]

Grilli E, Menna F and Remondino F. 2017. A review of point clouds
segmentation and classification algorithms//Proceedings of the Inter-
national Archives of the Photogrammetry, Remote Sensing and Spa-
tial Information Sciences. Nafplio, Greece: ISPRS: 339-344 [ DOI.
10. 5194/isprs-archives-XLII-2-W3-339-2017 ]

Guo B, Huang X F, Zhang I and Sohn G. 2015. Classification of air-
borne laser scanning data using JointBoost. ISPRS Journal of Photo-
grammetry and Remote Sensing, 100. 71-83 [ DOI. 10. 1016/
j. isprsjprs. 2014.04.015]

Guo Y L, Sohel F A, Bennamoun M, Wan J W and Lu M. 2013. RoPS.
a local feature descriptor for 3D rigid objects based on rotational pro-
jection statistics//Proceedings of the 1st International Conference on
Communications, Signal Processing, and Their Applications. Shar-
jah, United Arab Emirates: IEEE: 1-6 [ DOI. 10. 1109/ICCSPA.
2013.6487310]

Hackel T, Savinov N, Ladicky L, Wegner J D, Schindler K and Polle-
feys M. 2017. Semantic3D. net: a new large-scale point cloud clas-
sification benchmark//Proceedings of the ISPRS Annals of the Pho-
togrammetry, Remote Sensing and Spatial Information Sciences.
Hannover, Germany: ISPRS: 91-98 [ DOI. 10. 5194/isprs-annals-
IV-1-W1-91-2017]

Kang Z Z, Yang J T and Zhong R F. 2017. A bayesian-network-based
classification method integrating airborne LiDAR data with optical
images. IEEE Journal of Selected Topics in Applied Earth Observa-
tions and Remote Sensing, 10 (4): 1651-1661 [ DOI. 10. 1109/
JSTARS. 2016. 2628775 |

Landrieu L and Simonovsky M. 2017. Large-scale point cloud semantic
segmentation with superpoint graphs//Proceedings of 2018 IEEE/
CVF Conference on Computer Vision and Pattern Recognition. Salt
Lake City, USA: IEEE: 45584567 [ DOI: 10.1109/CVPR. 2018.
00479 ]

Laube P, Franz M O and Umlauf G. 2017. Evaluation of features for

SVM-based classification of geometric primitives in point clouds//

Proceedings of the 15th IAPR International Conference on Machine
Vision Applications(MVA). Nagoya, Greece: IEEE: 59-62 [ DOI:
10.23919/MVA. 2017. 7986776 ]

Lee I and Schenk T. 2002. Perceptual organization of 3D surface
points//International Archives of the Photogrammetry, Remote Sens-
ing and Spatial Information Sciences, 34(3/A) : 193-198

LYY, BuR, Sun MC, Wu W, Di X H and Chen B Q. 2018. PointC-
NN: convolution on X-transformed points//Proceedings of Advances
in Neural Information Processing Systems. Montréal, Canada: 820-
830

Lim E H and Suter D. 2007. Conditional random field for 3D point
clouds with adaptive data reduction//Proceedings of 2007 Interna-
tional Conference on Cyberworlds. Hannover, Germany: IEEE:
404-408 [ DOI: 10.1109/CW.2007.30 ]

Lim E H and Suter D. 2009. 3D terrestrial LIDAR classifications with
super-voxels and multi-scale Conditional Random Fields. Computer-
Aided Design, 41(10) ; 701-710 [ DOI:; 10. 1016/j. cad. 2009. 02.
010]

Linsen L and Prautzsch H. 2001. Local versus global triangulations//
Chalmers A and Rhyne T M, eds. Eurographics 2001. Oxford:
Eurographics Association

LiuZ Q, Li P C, Chen X W, Zhang B M and Guo H T. 2016. Classifi-
cation of airborne LiDAR point cloud data based on information vec-
tor machine. Optics and Precision Engineering, 24 (1) 210219
(K&, B, M/NT, KO, 38T, 2016, TR A
]t WL HLAHOL B A A s B 028, e R TR, 24 (1) :
210-219) [ DOI. 10.3788/0PE. 20162401.0210]

Luo H, Wang C, Wen C L, Chen ZY, ZaiD W, Yua Y T and Li J.
2018. Semantic labeling of mobile LiDAR point clouds via active
learning and higher order MRF. IEEE Transactions on Geoscience
and Remote Sensing, 56 (7) : 3631-3644 [ DOI. 10. 1109/TGRS.
2018. 2802935 ]

Mitra N J, Nguyen A and Guibas L. 2004. Estimating surface normals in
noisy point cloud data. International Journal of Computational Geom-
etry and Applications, 14 (4/5). 261-276 [ DOI. 10. 1142/
S0218195904001470 ]

Najafi M, Namin S T, Salzmann M and Petersson L. 2014. Non-associa-
tive higher-order Markov networks for point cloud classification//
Proceedings of 2014 European Conference on Computer Vision. Zur-
ich, Switzerland: Spnhger: 500-515 [ DOI: doi. org/10. 1007/978-
3-319-10602-1_33]

Ni H, Lin X G and Zhang J X. 2017. Classification of ALS point cloud
with improved point cloud segmentation and random forests. Remote
Sensing, 9(3) : 288 [ DOI: 10.3390/1s9030288 |

Niemeyer J, Rottensteiner F and Soergel U. 2012. Conditional random
fields for LIDAR point cloud classification in complex urban areas//
Proceedings of the ISPRS Annals of the Photogrammetry, Remote
Sensing and Spatial Information Sciences. Melbourne, Australia:

ISPRS: 263-268 [ DOI: 10.5194/isprsannals-1-3-263-2012 ]

2711



2712

PEERBEF IR

JOURNAL OF IMAGE AND GRAPHICS

Vol.26 ,No. 11,Nov. 2021

Qi CR, Yi L, SuH and Guibas L J. 2017. PointNet ++ : deep hierar-
chical feature learning on point sets in a metric space//Proceedings
of the 31st International Conference on Neural Information Processing
Systems. Long Beach, USA: Curran Associates Inc: 5105-5114

Rusu R B, Marton Z C, Blodow N and Beetz M. 2008. Persistent point
feature histograms for 3D point clouds. Intelligent Autonomous Sys-
tems 10. Burgard W. et al (Eds. ). I0S Press [ DOI: 10. 3233/
978-1-58603-887-8-119 ]

Rusu R B, Blodow N and Beetz M. 2009. Fast Point Feature Histograms
(FPFH) for 3D registration//Proceedings of 2009 IEEE Internation-
al Conference on Robotics and Automation. Kobe, Japan: IEEE:
3212-3217 [ DOI: 10.1109/ROBOT. 2009. 5152473 ]

Shapovalov R and Velizhev A. 2011. Cutting-plane training of non-asso-
ciative Markov network for 3D point cloud segmentation//Proceed-
ings of 2011 International Conference on 3D Imaging, Modeling,
Processing, Visualization and Transmission. Hangzhou, China:
IEEE: 1-8 [ DOI: 10.1109/3DIMPVT.2011.10]

Tombari F, Salti S and Di Stefano L. 2010. Unique signatures of histo-
grams for local surface description//Proceedings of the 11th Europe-
an Conference on Computer Vision. Heraklion, Greece: Springer:
356-369 [ DOI: 10.1007/978-3-642-15558-1_26 ]

Wang C, Hou S W, Wen C L, Gong Z, Li Q, Sun X T and Li J.
2018a. Semantic line framework-based indoor building modeling
using backpacked laser scanning point cloud. ISPRS Journal of Pho-
togrammetry and Remote Sensing, 143: 150-166 [ DOI. 10.1016/
j. isprsjprs. 2018. 03. 025 ]

Wang Z, Zhang L Q, Zhang L, Li R J, Zheng Y B and Zhu Z D.
2018b. A deep neural network with spatial pooling ( DNNSP) for
3-D point cloud classification. IEEE Transactions on Geoscience and
Remote Sensing, 56 (8 ): 4594-4604 [ DOI. 10. 1109/TGRS.
2018. 2829625 |

Weinmann M, Jutzi B and Mallet C. 2014. Semantic 3D scene interpre-
tation: a framework combining optimal neighborhood size selection
with relevant features//Proceedings of SPRS Annals of the Photo-
grammetry, Remote Sensing and Spatial Information Sciences. Zur-
ich, Switzerland: ISPRS: 181-188 [ DOI: 10. 5194/isprsannals-II-
3-181-2014 ]

Weinmann M, Jutzi B, Hinz S and Mallet C. 2015b. Semantic point
cloud interpretation based on optimal neighborhoods, relevant fea-
tures and efficient classifiers. ISPRS Journal of Photogrammetry and
Remote Sensing, 105: 286-304 [ DOI; 10. 1016/j. isprsjprs. 2015.
01.016]

Weinmann Ma, Jutzi B, Mallet C and Weinmann Mi. 2017. Geometric
features and their relevance for 3 d point cloud classification. ISPRS
Annals of Photogrammetry, Remote Sensing & Spatial Information
Sciences, 2017, 4. 157-164 [ DOI; 10. 5194/isprs-annals-IV-1-
W1-157-2017 ]

Weinmann M, Urban S, Hinz S, Jutzi B and Mallet C. 2015a. Distinc-

tive 2D and 3D features for automated large-scale scene analysis in

urban areas. Computers and Graphics, 49 : 47-57 [ DOI: 10.1016/
j. cag.2015.01.006 ]

West K ', Webb B N, Lersch J] R, Pothier S, Triscari J] M and Iverson A
E. 2004. Context-driven automated target detection in 3D data//
Proceedings of SPIE 5426, Automatic Target Recognition XIV.
Orlando, USA: SPIE: 133-143 [ DOI; 10.1117/12. 542536 ]

Yang B S and Dong Z. 2013. A shape-based segmentation method for
mobile laser scanning point clouds. ISPRS Journal of Photogramme-
try and Remote Sensing, 81: 19-30 [ DOI: 10. 1016/j. isprsjprs.
2013.04.002]

Yang B S, Dong Z, Zhao G and Dai W X. 2015. Hierarchical extraction
of urban objects from mobile laser scanning data. ISPRS Journal of
Photogrammetry and Remote Sensing, 99: 45-57 [ DOI; 10. 1016/
j. isprsjprs. 2014. 10. 005 ]

Yang J T and Kang Z Z. 2018. Multi-scale feature and Markov random
field model for power line scene point cloud classification. Journal of
Surveying and Mapping, 2:188-197 (#&2¥, BE& L. 2018. £
JUBERSAE AN S /K T R BEH LA A B D e it R = ar 260k, I
24, 2:188-197) [ DOI; 10. 11947/j. AGCS. 2018. 20170556 |

Zhi SF, Liu Y X, Li X and Guo Y L. 2017. LightNet: a lightweight 3D
convolutional neural network for real-time 3D object recognition//
Pratikakis I, Dupont F and Ovsjanikov M, eds. Eurographics Work-
shop on 3D Object Retrieval. Lyon: the Eurographics Association:
9-16 [ DOI: 10.2312/3 dor. 20171046 ]

PEUNIS 1994 4R 55 AL WF 50 AR 32 20T
ST 10 RO DAL LR,
E-mail ; shuaibingtao@ 163. com

FACH EAEIEE, 5, B, EEM 5T 1
RO BRI BE 2 AR AR O

E-mail; wangyongjun@ njnu. edu. cn

G B ARG BRSO 0] R SR B 2 S O
SN, E-mail: 947192871@ qq. com

B R o 1 o 2 1 S W A [ T by iy e R
fEFEEL . E-mail : 331217972@ qq. com

W B, L IR A, REBESE T 0 3 4E2s RV A
7, E-mail; 1264640726@ qq. com



