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W E 5 324R (Digital Elevation Model, DEM) T A R e — M3 R 69 s 45 42, B A -2 A SR R, sk &k 5 =
HBEHATEZREARBILE &, @ SR FHEAIMEDEM YT AT R A PEALSZRBEIRPEANERT A8
Yrh B R &M DEM 6945 . A A HE3E % (Cloth Simulation Filtering, CSF) Lk 4E 2 — A & m ok Sk, R A AR | %
REBAEZEFRE LA FREBRGERFERS AL EZI AN BFL2RAHBERAGAFREAAREARBSFE L, F
HRKERGHEEREZ, ATHRITCSF A F AR BT LU B R R ERETVESLE RSEME DEM 694 E B T A
T Mo A e 6 A7 FEBE B JE S F % (Cloth Simulation Filtering Algorithm with Topography Cognition, CSFTC), % x4 $ 7 3
Hikg A K T 5 = H4E 5 00 By 38 4 A A AE My 2 A K B AL, S AL 5 R h M B 2 F FH A2 48 2 (Rough Digital Elevation Mo-
del,R-DEM) ;i it S B — L LN EZN B AR MU B BT O B 5L e AL 8 CSF £ %44 RDEM 0 7 &
=k, L P& T CSFTC x5 %8 CSF ka2 b £33 ,CSFTC k0 ¥ B2 £ £ 9.30% FH 2 5.10%,F3 11
KR EFIN30.02% THEF 8.46%, £ REAW, 5238 CSF F x40 ,CSFTC ik £ -F 3 R 698 M % g LA, 3+ &
B ERFEENR LA RBATHE N BESH; I EREZEFZTRAY TR SMEW DEM 0945 &,

KEBR BRI PR 5 S AAHEBIE I B FHEER BT

hEESES TP391

Cloth Simulation Filtering Algorithm with Topography Cognition

MENG Huaru and WU Guowei

School of Software Technology,Dalian University of Technology,Dalian, Liaoning 116621, China

Abstract Digital elevation model(DEM) can reflect the topographic characteristics of an area and has a wide range of scientific
research applications. Filtering LIDAR point cloud data.,extracting the ground points and interpolating are common steps in con-
structing DEM. The filtering algorithm used in the process of point cloud filtering directly affects the accuracy of the final DEM.
As a point cloud filtering algorithm,cloth simulation filtering(CSF) algorithm has the advantages of simple model and high filte-
ring efficiency. It has high filtering accuracy for flat areas. However, when dealing with complex terrain areas,the accuracy of fil-
tering results will be poor due to the internal elasticity and gravity inertia of the cloth model. In view of this.in order to improve
the filtering accuracy and terrain adaptability of CSF algorithm in dealing with complex terrain areas,so as to improve the accura-
cy of constructing DEM, the cloth simulation filtering algorithm with terrain cognition(CSFTC) is proposed. The algorithm pro-
poses a terrain-cognitive model. Based on the local distribution characteristics of point cloud data points, the terrain-cognitive
model is constructed and extended to rough digital elevation model(R-DEM) . which realizes the separation of macro terrain trend
and micro terrain details through point cloud terrain normalization. Finally. the original CSF algorithm combined with R-DEM is
used to realize point cloud filtering. Comparison experiment between CSFTC algorithm and the original CSF algorithm is de-
signed. The average total error rate decreases from 9. 30% to 5.10% ,and the average type-1I error rate decreases from 30. 02 %
to 8. 46 %. Experimental results show that compared with the original CSF algorithm,the accuracy of CSFTC algorithm increases
slightly in flat region and increases significantly in complex region,which improves the terrain adaptability of the algorithm. The
significant decrease of type-1l error is helpful to improve the accuracy of constructed DEM.

Keywords Terrain-cognitive model, Point cloud,Cloth simulation filtering, Digital elevation model, Terrain normalization
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JO7 A 45 07 T A B TR AR SCBEi T CSFTC 373k 5 4848 CSF
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SE 3 AT S5 0 (7 T ) K540 4 S T £ % 1) kD U 2
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Table 1 Quantitative analysis of point cloud sample data
Site Samples Features Point Number  Ground Non ground

All Dense buildings and vegetation on the slope 38010 21786 16224

1 Al2 Dense buildings on flat ground 52119 26691 25428
A21 Large buildings and bridges on flat ground 12960 10085 2875
A22 Streets and large buildings 32706 22504 10202

2

- A23 Irregular large buildings 25095 13223 11872
A24 Stepped ground and building 7492 5434 2058

3 A31 Irregular large buildings 28862 15556 13306

. A4l Large buildings anddata gap 11231 5602 5629
A42 Train station 42470 12443 30027
A51 Vegetation and buildings 17845 13950 3895
A52 Complex terrain and small-scale buildings 22474 20112 2362

-

N A53 Steep slope and cliff 34378 32989 1389
A54 Dense buildings on flatground 8608 3983 4625

6 A61 Data gap and large buildings 35060 33854 1206

7 A71 Bridges and a few buildings 15645 13875 1770

S T S 0 {8 R 0 O DA 36 [ b R O 8 )R (UL S, Geo-
logical Survey) B J5 W3k T 2% B9 7 0 45 2= BPa R AR L i 3 o g
W25 R AT SPLPE M UL BEAT € PE 20 BT . PR FEAS A 3 40 5 12
mE 2 fra,

F 2 MR B REARRE

Table 2 Qualitative analysis of point cloud sample data

Samples Features Point Number Scope

Steep  wildmountains  with
Bl 6613136

994mXx1392m
dense forest areas

B2 Flat area with small buildings 951834 276 m X 252 m

3.2 LHBSE

9T X CSFTC 83 5 4 it CSF 53k 19 Uk 9 50 21, 4
SO 17 ASREAREAT U D AL B, X R — 0 s m AR & 5
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SNHEAT 8 U5 B E AT U Dk A5 SRR S, OF 8 1 4 S e
SRRV CSFTC 5505 HRS BE A IR A8 I v i 48 A ROCR . 1
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3.2.1 HEF4E
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Y DL e o A2 B o PR S8 B R DA R S TR Y b
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Table 3 Confusion matrix

Filtering results

Reference ————————————— Total
True False
True nyy ny, 714
False 9 oo o4
Total nyq nyg n

ARSI ERZEF(T.E) I RIRERK(T. D T KR ER
CT. TD X 8 Il 3006 B A B R AT VM . Hodp . T E W ir A iR
A3 25 (W BOHE A BB A R T AR SR S T T Bk
TR 2 1 M T A 7 T T Y BB e T D R o
TEG 0 4 R P R 5 T TL 000 Sy o 5 43 28 10 I b 1 8 o BT A ke
b T A A BB S B TSI e T A KT M T A B A A B IR R
FEAC T. 10 AT LUA &5 48 & M ) DEM K . T.E. T. I,
T. I HER M2 — DR

T.E:@xmo% (2

T.I::ixmc% (3)
1

T. 11=2% % 100% 4
No+

J TR S U R M o 2 — Bk AR SR B Rz AR
JHHEY Kappa 2B IEAT FEM Y . Kappa 2B BB R AR T

TR VB JH P o 308 o 0T 0 S A A B0 ) i 1 4 LA R B 0k 20 G
FEBEAT L85 THR R S BN AN W) B T 23 2 22 6] 19 73 28 — BodE 9
PPl . ASCH Kappa R EUCER T U805 5 09 08 P 45 R 5 s
2 SR 22 Ta] A — BV, — B R 0 D O 8 Ak 14 A 1 4
% Bk I AR P B

Kappa B iHE S A2 X (5)— (@) iR

by ="" (5
Po=p11+ poo (6)
P.=pis * pertpos * po (7N
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Table 4 Parameters of quantitative experiment

Samples  Rigidness St.ccp slope Gr%d Distance Max object
fit factor  resolution/m threshold/m space/m
A52 0.5 13
A53 1.5 13
AsL 1 True 0.5 0.9 s
AT1 0.7 9
All 0.9 7
Al2 0.5 9
A22 0.5 12
A23 ’ True 00 0.7 11
A24 0.5 13
A4l 0.7 13
A21 0.7 10
A31 0.5 12
A42 3 False 0.5 0.9 12
A51 0.5 9
A54 0.7 7

SE R S RO RS S ISPRS 4R fEAY 15 48 & ity
T KGR S A, 15 A FEA A 8 I 5 2 8
mFk 4 Fral, Ho, \mRKY AR/ (Max Object Space) Bl A7k
-5 [ B8, HAYH T CSFTC B3k Hifih 2 5008 o4 9 A8 ik
R S8, % 5.3% 6 4% T CSFTC H ik Kk 4 M CSF
B R R LR A R, o IREA A52,A53,A61,AT1 )
i T 5B 0% L T LA 45 B Kappa 1185, B G IS B9 Kap-
pa 7 B0V LS M I I U IR 4 R 1 — B0 L 2 B R AR
) Kappa F 346 45 .
5 CSFTC 5k ug e 4 R
Table 5 Filtering results of CSFTC

Samples  T.E/% T.U% T.11/% Kappa/ %
All 9. 30 8.45 10. 44 81.02
A12 2.92 2.17 3.72 94.15
A21 1.17 0.27 1.31 96. 58
A22 11.10 6.49 21.28 73.63
A23 7.05 7.48 6.58 85. 87
A24 5.97 5.58 7.00 85. 38
A31 1.43 0.37 2.66 97.12
A4l 1.72 1.29 2.15 96. 56
A42 2.04 0.52 2.66 95.17
A51 3.19 2.58 5.39 90. 77
A52 7.45 7.19 9.65 -
A53 6.70 5.49 35.49 —
A54 3. 00 1.96 3. 89 93.98
A61 4.92 4.78 8.79 —
AT1 8. 49 9.21 2.88 —
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%6 % CSF B kg 45
Table 6 Filtering results of classical CSF

CAT - %)
Samples T.E T.1 T.11 Kappa
All 21.57 2.89 46.65 53.37
Al2 4.95 1.02 9.08 90.07
A21 1.30 0.25 4.97 96.19
A22 22.13 5.26 59.35 140.71
A23 25.10 3.82 48. 80 48.48
A24 6. 34 0.94 20. 60 83.14
A31 4.71 0. 30 9. 86 90. 47
A4l 1.72 1.29 2.15 96.56
A42 7.67 0.43 10. 67 82.77
A51 10. 09 2.09 38.72 66.69
A52 3.96 0.59 32.64 -
A53 6.87 1.61 60. 48 —
A54 5.30 0.85 9.12 89.42
A61 6. 20 4.36 57.88 —
AT71 11.67 8.13 39. 38 —

T A T L T A B Y S A5 SR AT DL R B X T 4 K 2 8K
SLYREAS, CSFTC Rk 40 A TR /Y B iR 22 %, [ A 11 28R 22
RKMF AR (S 12618 22 5200 CSF Bk M LA BT
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BT K R-DEM (4 05 — 16 &b 5 , 6 A4 3 3 8 A DL 0 o5 =
F S K A BB AT AR Y B T B R L 5 ) ) RS B T
WA, WEMEEREAR ASTULE 100 LA RE,. 5] A
HIE A GBI SRR AR AST M9 TT SRR 22 WA T WML,

(a) Origin (b)CSFTC (c)CSF

9 FEA ALL
Fig.9 Sample Al1l

(b)CSFTC
K10 FEA ASL
Fig. 10 Sample A51
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Fig. 11  Sample A42
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(b)CSFTC

(a) Origin (c)CSF

Bl 12 FEA A52
Fig. 12 Sample A52
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Fig. 15 Sample B2
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(a) Origin
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Fig. 16 Local details of sample B2

3 Ao T R T X b S g 1) 45 SR AT 4 A R B, CSFTC i
R % % 5 % M $2 OB 5 2= M T A0 IR B A = T ISP i, HL
RHARFEAL, H4 M CSF B kM, CSFTC B ik T 4 10 M
PR 58T Hb T 0 A0 5 BN AT R0 T PR A R R AR
B4R ) ) R, XoF T3 B K e M TR R A% B4 A 2 X B T AR
SE AR,

SE ik S0 N MR S Y A3 T 2R B, CSFTC B3 1 HLA B
) 06 U A R A O 2% b T 3 N L O 3 T R A S i T A

BA5E
HRIE  Frxiadl CSF k7 b 3 2 20 b XA =

HCHRE B U8 RS B AIG L M 3 N M 25 04 I R, AR SCER I T CS-
FTC 8k, L8 54 07 A5 BE 2 2 1 JR 36 oo 2 465 fiF A 2
Ho I N AR, 5 28— A5 M T B R W A e 0 Hb O s
# R-DEM, il i = B3 — i 0 % B3 N a5 = S
T A S 2L CSF Bk LB T A k.

A% SCAF FH ISPRS L J 36 B b 7 3 A S5 48 43 19 0 2 BE AR
B AT R M R, JL IR 4 R R WL L & it CSF

B AR SRR B BB RS A B TR T AR T 1T
FiRE, RIVICRER T K+ 70 w3 A RERT T3
R MUV 3 L R B TR T Y DEM BORS .

£ % 3

[1] BEASZCZYK M.IGNATIUK D,GRABIEC M,et al. Quality
assessment and glaciological applications of digital elevation
models derived from space-borne and aerial images over two
tidewater glaciers of southern spitsbergen[ J]. Remote Sensing.
2019,11(9).1121.

[2] XIA Y.LIXJ,WANG T. A Hybrid Flow Direction Algorithm
for Water Routing on DEMs[ J]. Acta Geodaetica et Cartograp-
hica Sinica,2018,47(5) :683-691.

[3] VOSSELMAN G. Slope based filtering of laseraltimetry data
[J]. International Archives of Photogrammetry and Remote
Sensing,2000,33(B3/2; PART 3):935-942.

[4] YANG Y B,ZHANG N N, LI X L. Adaptive slope filtering for
airborne Light Detection andRanging data in urban areas based
on region growing rule[ J]. Survey Review,2017,49(353):139-
146.

[5] ZHANG K Q,CHEN S C,WHITMAN D, et al. A progressive
morphological filter for removing nonground measurements from
airborne LIDAR data[ ] ]. IEEE Transactions on Geoscience and
Remote Sen-sing,2003,41(4) :872-882.

[6] HUIZY.HUY J,YEVENYO Y,et al. An Improved Morpho-
logical Algorithm for Filtering Airborne LiDAR Point Cloud
Based on Multi-Level Kriging Interpolation[ ] ]. Remote Sen-
sing,2016,8(1):35.

[7] SHI W Z,AHMED W, WU K. Morphologically iterative trian-
gular irregular network for airborne LiDAR filtering[ ] . Journal
of Applied Remote Sensing,2020,14(3) :034525.

[8] LIN X G,ZHANG ] X. Segmentation-Based Filtering of Air-
borne LiDAR Point Clouds by Progressive Densification of Ter-
rain Segments[ J]. Remote Sensing,2014,6(2) :1294-1326.

[9] WANG X K,MA X C,YANG F L,et al. Improved progressive
triangular irregular network densification filtering algorithm for
airborne LiDAR data based on a multiscale cylindrical neighbor-
hood[ J]. APPLIED OPTICS.2020,59(22) :6540-6550.

[10] ZHANG W M,QI ] B,WAN P,et al. An Easy-to-Use Airborne
LiDAR Data Filtering Method Based on Cloth Simulation[]].
Remote Sensing,2016,8(6) :501.

[11] CAI S.ZHANG W, LIANG X,et al. Filtering Airborne LiDAR
Data Through Complementary ClothSimulation and Progressive
TIN Densification Filters[ ]J]. Remote Sensing, 2019, 11 (9):
1037.

[12] LI F,ZHU H,LUO Z,et al. An Adaptive Surface Interpolation
Filter Using Cloth Simulation and Relief Amplitude for Airborne
Laser Scanning Datal ] ]. Remote Sensing,2021,13(15):2938.

[13] CHEN CF,LIY Y.YAN C Q.et al. An improved multi-resolu-
tion hierarchical classification method based on robust segmen-
tation for filtering ALS point clouds[ ]J]. International Journal of
Remote Sensing,2016,37(4):950-968.

[14] FENG F J,DING Y Z,LI] P,et al. Airborne LiDAR point cloud



PR

5 208 3T I AR AL 0 3

165

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

filtering using saliency division[J]. Infrared and Laser Enainee-
ring,2020,49(8) : 26-34.

LITH X,YE W Y,LIU J,et al. High-Resolution Terrain Mode-
ling Using Airborne LiDAR Data with Transfer Learning[J].
Remote Sensing,2021,13(17) :3448.

HUI Z Y.JIN S G,CHENG P G,et al. An Active Learning
Method for DEM Extraction From Airborne LiDAR Point
Clouds[J]. IEEE Access.2019,7:89366-89378.

MAHPHOOD A, AREFI H. Tornado method for ground point
filtering from LiDAR point clouds[ J]. Advances in Space Re-
search,2020,66(7) :1571-1592.

TORRES-SANCHEZ J, MESAS-CARRASCOSA F J,SANTE-
STEBAN L G.,et al. Grape Cluster Detection Using UAV Pho-
togrammetric Point Clouds as a Low-Cost Tool for Yield Fore-
casting in Vineyards[ J]. Sensors,2021,21(9):3083-3083.
ZHANG C S,LIU Z J,YANG S W, et al. Applicability analysis
of cloth simulation filtering algorithm based on LiDAR data[ J].
Laser Technology»2018,42(3) ;410-416.

HU W, WANG Y, HU Q. Automatic recognition of diseased
trees based on the vertical structure of airborne point clouds: A
case studyof diseased trees of Great Smoky Mountains[ C] //
2016 4th International Workshop on Earth Observation and Re-
mote Sensing Applications(EORSA). IEEE,2016:136-139.
ZOU X F,JIANG H. Automatic Power Line Extraction from
Airborne LIDAR Data in Complex Terrain Background[]]. Ap-
plied laser,2019,39(4) :696-702.

WANG J] W, LI X X,ZHANG H Q. Terrain adaptive filtering
method based on elevation normalization[ ] ]. Laser & Optoelec-
tronics Progress,2022,59(10) :466-475.

PROVOT X. Deformation constraints in a mass-spring model to
describe rigid cloth behaviour[ CJ// Graphics interface. Canadian
Information Processing Society. 1995:147-147.

RUSU R B,COUSINS 8. 3d is here:Point cloud library(pcl)
[C]//2011 1EEE International Conference on Robotics and Au-

tomation. IEEE,2011:1-4.

BOOGAARD F P, VAN HENTEN E J,KOOTSTRA G. Boos-
ting plant-part segmentation of cucumber plants by enriching in-
complete 3D point clouds with spectral data[ ]J]. biosystems en-
gineering.2021,211.:167-182.

SUNEGARD A.SVENSSON L,SATTLER T. Deep LiDAR lo-
calization using optical flow sensor-map correspondences[ C] /
2020 International Conference on 3D Vision(3DV). IEEE,2020.
838-847.

SITHOLE G, VOSSELMAN G. Experimental comparison of fil-
ter algorithms for bare-Earth extraction from airborne laser
scanning point clouds[ ] ]. ISPRS journal of photogrammetry and
remote sensing,2004,59(1/2):85-101.

COHEN ]J. A coefficient of agreement for nominal scales[]].
Educational and Psychological Measurement, 1960,20(1):
37-46.

BEXKENS R, CLAESSEN F M A P,KODDE I F,et al. The
kappa paradox[J]. Shoulder & elbow,2018,10(4) :308-308.

MENG Huaru, born in 1996, postgra-
duate. His main research interests in-
clude point cloud filtering algorithm de-
sign and point cloud based geological

hazard identification.

WU Guowei, born in 1973 ,Ph.D, profes-
sors Ph. D supervisor, is a member of

China Computer Federation. His main

research interests include advanced

computing and intelligent system.

(TR 48 - i 28





