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Abstract The surfaces of caves are complex and irregular. Many existing modeling methods are based on an overall-
resolution 3D reconstruction. Although the overall model resolution is guaranteed, the efficiency of 3D
reconstruction is substantially low, and the model file is too large, which makes it considerably difficult for the
follow-up professional application. Therefore, a multi-resolution 3D reconstruction technology based on 3D laser
point cloud feature line extraction was proposed for the karst cave. First, the enhanced geometric features of
neighboring points were used to extract the eigenvalues and increased the normal vector angle as a basis for detecting
the feature points. Second, the standard particle swarm optimization (SPSO) and fuzzy C-means clustering
algorithms were used to realize the point cloud classification. Third, the broken line growth method was used to
connect the feature points into the feature lines and project them onto 3D point cloud; finally, the classified point
cloud was used for modeling as per different resolutions. The 3D reconstruction of the karst cave was realized with
high precision, high quality, and high efficiency. The experimental results show that this method can improve the

efficiency of the 3D reconstruction of karst caves, realize modeling according to different resolutions, reduce the
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amount of data after the 3D reconstruction, improve the efficiency of 3D reconstruction, and has high practical

value.

Key words remote sensing; karst cave; precision classification; point cloud classification; feature line extraction;

model construction
OCIS codes 280.4750; 120.0280; 010.0280
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Table 1 Detailed description of cave accuracy classification

Accuracy grade Detailed description Abbreviation Grid sampling interval /m

D Inner bottom of cave Ground in cave 1. 00

No special part in
C Inner wall of karst cave 0.50
the cave facade

No special part on the top
B Top of karst cave 0.50
of the tunnel

Suspended or raised singular ) ]
A Stalactite and exotic lava 0.25
part on the top of the tunnel

@ H (®)
N

top of karst cave

perched karst
facade of karst cave

facade of karst cave

—— innerwallof __
karst cave

cave ground

bottom of karst cave

@

BL1 R B A3 2R BB . () W IRDRG B2 &) 43 78 2 P 5 (b)) 7 THT 55 3t 9 ) b T 3037 BRUR 5
(c)]ﬁ%ﬁ%ﬁﬁ’?LEﬂ%ﬂﬁﬁ;(d)lﬂﬁ&ﬂy%ZLEf%%ﬁﬁH‘
Fig. 1 Schematic diagram of cave accuracy classification. (a) Schematic diagram of karst cave precision division; (b) site
photos of facade and ground karst cave; (c¢) top hanging stalactite site photo; (d) site photo of stalactite raised on

the ground

202802-3



ot 5ot A

2.2 EFE=XREEX

S IR B v A DL Y AR AR A R AT
GEt o2 o A iy B L R AL AR I i Ak 2 k1 i
(SPSO)FIE 5B C-¥IE (FCMD Sk ke s i

SPSO-FCM %25 9t B 40 F - 1D 1 St ) A4
=B AR EAT R IR AL L IR U RN R ) BR R B L LT
Mo A — N EMEE 2) B E S o P EA R
B AW IR AL B P s 5 3) R A C-H(E R 2R B Bkt
A7 3R i BEHT O AT B0 1 i e L I T A = A A
P A5 B0 MEAG 0y Ry ST T RO DX A Rl
5%, Rk SPSO Bk H A 1R 5 i 48 K Be 7, il nT ikt
B RIS T BORY Jmy 0 WSO Tn) B, B A B 5 Y B M
P A T 2 A SR B

FOM) C-YE RIS FE 4 F 38 & e/ H bR
PR BN AL B AT 2 Ik B A SR e T
[0,1], B0 X = {x, X5 sXx,s5x, CR® F—
N WA, A x, AR E X, =
(T sxm-a) ERLVEBEHBIAKHF LR P =
(Propospssmsp ) s H n HEEARBIEANEc N
RAEPOAE, R AR R i KPR B Hb D
H b bR 5, JE T 5 B oR B 2R 2 Ok e B — i T
E |

T, U.P)=> D ()" (d) vm € [1,00),

(D
Kfopw, MEXR BT L EORBE: p, =
#X,(xk)v ﬂ‘jﬁzlgxk L?x,(lgzéc)l?‘]ﬂ}%?éf%,/x
HRE R U:[#;klx”;xqt Vi,k ﬁ/l,k e [0,1],

SEVEH Dpu=1, MY i H0< Dy <nsmH
i=1 i=1

IR E, B B2 0 RO R B s, S BRIGHE 25 1Y
dp)’=lx,—p, 17, (2)
Hr 2 7, U.POYWREIN/NME, K8 U AR
SEMSE Y B LA
min{J, (U.P)} =min| D] D] (u,)" (d)" ] =

k=1 i=1

n

2 [2 (/ui/c)m(dik)zj ’ (3)
i=1

k=1

B3Rt AR 51 I 8 B 29 R
SAEN D =1, RBERIHEARY

1
M =3 > 4)

X di/« =
;(dﬂg)

Foy o R
RO E AN
D )" x,
k=1
P (5)
D"
k=1

SR fire SR B RV 2 by B AR A R SIS A
AR f#
2.3 YSMEEEZE
2.3.1 kmkwE4EHE

P RGBSR TIHA
25 E Y Ry B AR AR o 17 v U] R A AR S T L AT R AE Y
R, EmA T ER R 2, /N LA (LS.
B/ R LG (MLS) %, A BESE K FH 4B I
A A P 25 0 SR o A R Al e Rk L
ST AR O p,  HFRRUN

p.=p :izp,-, (6)

[/ -
Horhon RSB A S
1) AL SE A BT 2E A B € SR A ) N AT
SR B TR 2 R P T R OR A
C:%Z;Ki@, —p)(p,—p)t.cv, =
A V. € {0,1,2), (7)
K ewe, S ABBS A AL E A, A DAAR B 5 H O
U B S bR R R A U B A )N
W5 5 AT L gk A e Y R TR, X 7 ) R R ) )R
TSR WE sV, R R
2.3.2 W E4EH
R AL T2 = FE BB JLAT R R 4 A 2 L
o] 3 T A2 A0 R BE Y B MH L R 5 AR A M S B o = R
TRFAE AT O . an A R A ik AR £,
o ST I A B R 247 gty 3 A SR R 22 L ik
B T LX) A 1) A0 A AR AT R S LA, R
TR E e, TR K = |, T TR A7
ZHERE R ) NI RT DU p sV 3 3% 1m0 Tk 267k
] R AT A P o< <0 <X, 00, A
AP 0 K AP I 1 J 8 T A AR R L (E N, 3
T 55 p AR /N B (R, Tl R K
HFEKAN
A,
A A FALC
Zr B RriR A S RN .
B — . B SR SPSO-FCM 2 i i1 4 5
PN SR S TR e ) e~y a1 K i o

(8

o,

202802-4



Wt 5ot T o R

. ped 1 A EHE 5

AR T BB AR Y AR IRk ) A R
BRHEAE Vo HUBT R BRFE (S — JH 2k R il

IR = o, B SRR A PR TR A AR
(B BT 56 U KR AE B L. ped Mk
2.4 HERBIERE

il g DL 75 9k B IR AR AR (B S PR 2R AL Y
B AL S AT AT 0 M B PR 5 A i 2 AT i
A B TE O Y | 2k AR 2L il R M T 3T 2R
KRk s, SCERC 13 TR H sk M4 2R A K Oy
¥ SCT BT I RRAE 3T AR KT 1) ] Bezier i
LG A AR A AT EDEI R AR g, A3
ZEAME LS LIAHEL A S, et
F A AR S R K 37 30 28 48 5 1 ik A A AL R A A
AR 22 S IR A B Ml S At U O
FIMALF B{EARACH . Fab XN

pi=p. +2p;. (9
1 Q )
Ap, =— DIH () (p, —p). (10)
e
i=1
Dillp,—p.
a=" 11
n

Horh H (p ) ARER 227 iy 5 R 908 i 22 8] F) B 2
A A AT 2R A A 5 A TR A A S B A

@ S | |

A K R B 4 9 K 1
AT TR AR, 7 £ A ) 5 1w R] R
vo=DeClp —p D a2

Arh g Cllpe—p ) 2 307 ok B, T T 908 3 45 e AIE
li) g Z AR v, AR p, 5 p 22 [ A /N JU AL
HOBR , ORI AR AN BB R . 255 PR 5 i
AT LA o R AR LR AU 5 RS

3 LR A

SR SR F 2 T I IR b T — A SOG4 4 0
H g sh LA SR 4w S8 R R b X3 A 1
TR g 2 — 1 SR B B AR SR AR R
BRI VS2015 F1 PCL R & F A FS M b =
O3 CREAE R AR B K = A AR R L #E Intel (R)
Core(TM) i7-7700 CPU @ 3. 60 GHz Ab ¥ %% . 817
AN 16.0 GB H) windows 7 #AE R & iz 47,
3.1 RnHEmLE

4 A5 = B S R A0 I 58 8 A R
0 DR (00 i A7 B 422 058 2 A5 T sl W) 359 59 43 A, DA
0 A B ) s RS E L S U AT A B0 25 M b
F, DIPRS00 B o ) n] SR . AR R A Pk R
B AR o AT S0 .t TRV B R
TE OB A7 AL s A 4 4% X% 8 0. ped U,
By Je b EE an il 2 s

B2 HHEAAE, (DBEFHADFBESEEE D; (WS RNEFEX A B 2O AFEFE R E S FER 3

Fig. 2 Selected model. (a) Original point cloud at the entrance of the cave (model 1); (b) point cloud in the area with

rich texture (model 2); (c) point cloud in the area with rich stalactite (model 3)
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Fig. 3 Feature line extraction for model 1. (a) Boundary feature value extraction results;

(b) point cloud classification results; (c) feature line drawing results
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Fig. 4 Feature line extraction for model 1. (a) Boundary feature value extraction results; (b) point cloud classification results;

(c¢) feature line drawing results
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Fig. 5 feature line extraction for model 3. (a) Boundary feature value extraction results; (b) point cloud classification results;

(c) feature line drawing results
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Fig. 6 Model 1 after point cloud classification. (a) Triangulation result after point cloud classification;

(b) triangulation result without point cloud classification
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Fig. 7 Model 2 after point cloud classification. (a) Triangulation result after point cloud classification;

(b) triangulation result without point cloud classification
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Fig. 8 Model 3 point after cloud classification. (a) Triangulation result after point cloud classification;

(b) triangulation result without point cloud classification
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Table 2 Comparison of multi-resolution and overall-resolution 3D reconstruction performance

Number of triangular Time consumed Number of Time consumed Number of Time consumed
Model  grids with different by different D-class resolution by D-class A-class resolution by A-class
resolutions resolutions /s triangular grids resolution /s triangular grids resolution /s
1 1487382 577 1487875 693 2976587 1237
2 388255 151 387146 197 785426 526
3 108362 40 107522 52 223658 154
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