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Fig. 5 Result diagram of waveform feature extraction

16°29'50" N %z%/ 16°29'50"N .%%;@K/ 16°29'50" N e ﬁ‘ﬁfs/
§0.57 1.54 F 6.0
1043 112 45
0.29 0.75 3.0
0.15 0.37 15
16°29'38" N 0.02  16°29'38"N ek 16°29738" N |~ 25 1.0
123°34'58"E 123°35'10"E 123°35'22"E 123°34'58"E 123°35'10"E 123°35'22"E 12307587 123935 10"E 123°35' 23" F
TRIRFREZE/ HEAR B/ RN/
16°29' 50" N m 16°29' 50" N , . ey M 16°29'50"N | sz unitless
113 7 4260 ' 0.400
0.86 3.265 0.175
0.60 2270 -0.050
, 0.34 1275 -0.275
16°29'38" N 0.08  16°29'38"N 0.280 160997387 N -0.500
123°34'58"E 123°35' 10"E 123°35'22" E 123534/ 58" E 12335 10"E 123°35' 22" E PS8 E 123935 107E 123935' 27
16°29' 50" N %gmﬁﬁ/ 16°29' 50" N g —_ uﬁﬁif/lsm 150" Ny ' E‘ﬁﬁf’
0.060 . i (pso 4.6
0.045 gy 35 37
0.030 -1.0 238
0.015 -55 1.9
16°29'38" N & 0 16°29'38" N -10 16°29'38"N | = : 1.0
12354587 E 123935 10" E 123°35' 22" E 1530347587 F 123°35' 10" E 123935 22" E D33S8"E 12335 10"E 123°35'22"E

Ko HERFAESR IS R

Fig. 6 Result diagram of terrain feature extraction

78, FRIEOUEE)E, PRI T 13 JEHRAIE, R HE— LTI IR ARIE ST G 3/4
FOrp OB 44>, 2 BRIEsE . SFIEDTE . B A, IED] T HUB SRR TR U R E A, H
AR e e B EG R G HOBRHEA O, v AU AT HOIR R AR B = TR A9 2 8] U S AR R
PR R . B OKIRERMERE | CFXI2E . WEGUOERHE, BOBRHEL S L 1/4, IEBIOE
P AR L RGN | OHLBERE . M RB, RS FRAEAEREAEAS 18] O A R



T BBEMG A5« B R R AT A3 L2k LiD AR I UREJES 45 25 IS B 432 2225

704 E5H%

60 -
TIRRER 5 E
o WRASE w M T E Sor = Bl
HHREE9.52%
40
T TR E8.49%
30
FFEN7.83%
TH#16.55% TKIRFRE%4.28%
or WRE613%
W5 4.28% i i 25.93%
W TAFAE I ERE

K7 HRAEOLIESE R STk A A 14

Fig. 7 Distribution diagram of contribution rate of feature optimization results

33 HRERSEETE

mE9 (a) PR, 45250 X B 5y 5 R BT
FA I LI X A s BRI, o
I A 8601 A . AH B 45 8104 4> | /247 . 3976
AL P A8T2T AN L BRA KL 63234, TEr LR
o, BEALIE BRI ZRAE AR 70% . 20% F110% 51
BWERUNGAEA | B UEREAR FINRFEA, 3R
EZREA RSN N T N FE T 2 5
ok St oy ZRORS B 7R AR ) BT R ], AR S 56 R
Relief-F 575 X 18 28 i I8 F B FRAE 3 47 R AR AR
e, FFE XTSI XT AT o

S AT, FHEMEEEIS, 3R 207 ik B
NG BE A B T, SR WA ] Relief—F 5535 RE A% U5
AREAE TUAR FE AT R (N RIS ), 3 17 3k 2 48 s 4
FERG L B

BB Y 13 2245 1E i A 51 SVM, BPNN, RF
3P M AR L T AT A 2, IR PORS
BE L AT ENEE . SRS EE OA Al Kappa R BN 4328

16°29'50"N

16°29'42"N

16°29'34"N
123°34'58"E

123°35'09"E
Wy O Wena W O
(a) S X ZRAEAS R HE 1 D ]

(a) Result of prediction of using Random Forest

123°35"20"E

KR BEATRG RE PR AE , AR UL 2 R

OADZKEE 1%
o0 oo [ o0 Ne) Nel
8] = (=) o0 (=] [\S]

b =
Relief-FRHEIEFERT  Relief-FAMEERR 5
SBPHIZMZ =SVM = FEHLERM

B8 AREE A BEHT AR X A

Fig. 8 Comparison diagram of accuracy before and after

x©
o O
T

feature optimization

2% 2 S A5 AT T AT, SEE X 3 b a2
Jrikrh, BEHLARAR Y 23012 Ak o HL o Jks B i
L, BRI IA5) 95.36%, Kappa 2808 0.94,

16°29'50"N

16°29'46"N |

16°29'42"N fa
2
16°29'38"N .
< < Q9 ) &
o”;& 6% 0'5‘3‘ Qb‘ 0'55‘ \Q o’ 6‘ \6 o ‘3"):)’
NG NG NG N NG

(b) BEHLARAR I AR K
(b) Result of prediction of using SVM



2226 National Remote Sensing Bulletin

#E &R 2023,27(9)

16°29'50"N

16°29'50"N

16°29'46"N 16°29'46"
16°29'42 b3l 16°29'42 I
WA BRA
) W
= B Rl
16°29'38"N | <K 16°29'38"N | Ty
&5‘5“?’ \Q&‘?’ ,\Q“Q’ \\6“6 0,1:‘6 b;‘fg% SVQN‘Q) 5-\““@ 4\0 5"19:‘@
o D oD oD oD ,,’0’5 ,,)0’5 ,50'5 ,,)0'5 P
\’1?’ N \’f’ NE \’f’ v Y \V b b
(¢) 374 [y B LTI 1 R & (d) BP 22 45 Tl i S 14
(¢) Result of prediction of using BPNN (d) Result of prediction of using BP network
19 Sz DX I i 25 SR 1]
Fig.9 Diagram of prediction results in the experimental area
K2 BHHEMEEILXBETILER
Table2 Comparison of classification accuracy
ordn eSSl I At (e w bodE kit Hili b HFEERE % MKEREI%  Kappa R
Tt 1884 623 72 1 1 73.00
e 45 1831 21 0 0 96.52
i 79 461 2070 8 1 79.04
BP 2 [ S
TR 0 0 6 1144 43 95.90 86.96 0.83
iK1 0 0 0 37 2395 98.48
FHPRS /% 93.82 62.81 94.26 96.13 98.16 —
I At 2179 41 325 1 35 84.42
e 78 1792 9 1 17 94.46
w 267 3 2331 1 17 89.00
SVM e
gt 1 3 71 1121 51 93.96 91.15 0.89
ik 32 3 9 38 2350 96.63
PR 1% 85.21 81.01 84.92 96.47 95.14 —
At 2407 16 158 0 0 93.26
A 51 1842 4 0 0 97.10
w 210 0 2409 0 0 91.98
FfALARR —
TR 0 1 0 1156 36 96.90 95.36 0.94
JiKi 0 1 0 21 2410 99.10
FHPRS 1% 90.22 99.03 93.70 98.72 98.53 —

I Ja 36 B oy B ol R AF 1 SV,
BPNN, RF L3428y, XHl X A #E 17 #i
W, wumzERamE9 (b)), K9 (e). K9 (d) Fiw,
RE RN R SR 9 (a) fe AT, HIK
JISVM, BP #1259 46 T 285 R4 2% .

4 & ik

B X T JEG VR S5 288 FR AT AR 1 DU AR R AR R
S T — Rl B A e JE A M R A AR A 3 7Y BIL 2R
LiDAR I TR ¥ JE JE Jo 70 26 77 1 o K Jr 4 53k 1oz )
T LIDAR I PR, 1 X 7 JE 45 R
RS EVEE S0, JIRITE S

(1) FET 9 RPITEFRIEFN 9 B ML FRIEAE 5,

I 1 SRR A A A R A TR AR A e o JE TR
WERFE, R 3R 2888 01T 4005, S e k]
Relief-F FRIE AR BER A8/ T TCARFFAERT 73 24
BT S, R T UL RRAE R 4T 43 28 W] BRI
(3 A B

(2) A TEPFEARAD, TS,
FETREYLARSR, SVM, BP LML 3 Fhor2e i 435
PEOMBIRE . 8D R MR . AR S AT .
S 5 5 2 3 W B L AR MR 53 288 2 1 4 S ROR BT
OA K% B Fl Kappa R £33k 2] T 95.36% F110.94.

i A AR SR I B R b T R AE O 32 1 ML 2K
LiDAR W BRI 5t 43 2K 05 0T 9T, A OCR RE 65 Ty
T R A5 X 9 IV IS S5 4 2 e SR B A Y



T BB 25 - BB R AR DL A L2 LIDAR PRI 1 2 R BT 732K 2227

PR

52 3Lk (References)

Abdallah H, Baghdadi N, Bailly J S, Pastol Y and Fabre F. 2012. Wa-
LiD: a new LiDAR simulator for waters. IEEE Geoscience and
Remote Sensing Letters, 9(4): 744-748 [DOI: 10.1109/LGRS.
2011.2180506]

Alexander C, Tansey K, Kaduk J, Holland D and Tate N J. 2010. Back-
scatter coefficient as an attribute for the classification of full-wave-
form airborne laser scanning data in urban areas. ISPRS Journal
of Photogrammetry and Remote Sensing, 65(5): 423-432 [DOL:
10.1016/j.isprsjprs.2010.05.002]

Ayustina R, Aulia Z, Mustakin H, Alam F, Amron A, Yuwono D, Ah-
mad T, Prayogo A and Sari F. 2018. Classification of shallow wa-
ter seabed profile based on Landsat 8 imagery and in-situ data.
Case study in Gili Matra Island Lombok, Indonesia. E3S Web of
Conferences, 47: 04002 [DOI: 10.1051/e3sconf/20184704002]

Chen J, Mao X C, Liu Z K and Deng H. 2020. Three-dimensional
metallogenic prediction based on random forest classification al-
gorithm for the Dayingezhuang gold deposit. Geotectonica et
Metallogenia, 44(2): 231-241 (FRraE, T 5w, X1 5 3, 3Bk .
2020. FE T HEALARARSEIE 19 KT 807 R = 4 ™ i . K
i A8 15 5 R 3, 44(2): 231-241) [DOI: 10.16539/j. ddgzyckx.
2020.02.007]

Chen J B, Wu Z'Y, Zhao D N, Zhou J Q, Li S J and Shang J H. 2017.
Back propagation neural network classification of sediment sea-
bed acoustic sonar images based on particle swarm optimization
algorithms. Acta Oceanologica Sinica, 39(9): 51-57 (£ EE, = H
R, BAKRE, RSB, 2SR, mAkE . 2017, SETORL T REOL AL ST
L1 PSO-BP IS 4 IR i3 207 vk . I TE2AI, 39(9): 51-57)
[DOTI: 10.3969/j.issn.0253-4193.2017.09.005]

Chen K. 2021. Research on Feature Selection Methods for High-Di-
mensional Classification. Ji’nan: Shandong University ( B #} .
2021, JAT 11 =5 2 5800 1) 43 FE R IR RE PR T A BT . B LR K
2#) [DOI: 10.27272/d.cnki.gshdu.2021.000376]

Dai M F, Xing S, Xu Q, Li P C and Chen K. 2022. Semantic segmenta-
tion of airborne LiDAR point cloud based on multi-feature fusion
and geometric convolution. Journal of Image and Graphics, 27(2):
574-585 (S, R, IR 7, MG, PR . 2022, ZRAERLS
L& I HLE LIDAR s < M) 3 28 . b [ B4 DB 254
27(2): 574-585) [DOI: 10.11834/jig.210555]

Eren F, Pe'Eri S, Rzhanov Y and Ward L. 2018. Bottom characteriza-
tion by using airborne lidar bathymetry (ALB) waveform features
obtained from bottom return residual analysis. Remote Sensing of
Environment, 206: 260-274 [DOI: 10.1016/j.rse.2017.12.035]

Ge Q, Ruan F X, Qiao B J, Zhang Q, Zuo X Y and Dang L X. 2021.
Side-scan sonar image classification based on style transfer and
pre-trained convolutional neural networks. Electronics, 10(15):
1823 [DOI: 10.3390/electronics10151823]

HouDJ,WuC, LiCZ, Guo S M and Wu J J. 2019. Energy calibration

and performance testing of LEGe detector. The Journal of Engi-

neering, 2019(23): 9031-9034 [DOI: 10.1049/joe.2018.9175]

Huang L L, Tang J, Sun D D and Luo B. 2012. Feature selection algo-
rithm based on multi-label ReliefF. Journal of Computer Applica-
tions, 32(10): 2888-2890, 2898 (T #i #1, ¥ ik, M &5, Bk .
2012. & T 2 b1 % ReliefF A7 AiE 15 % 5 % . 3HH P T,
32(10): 2888-2890, 2898) [DOI: 10.3724/SP.J.1087.2012.02888]

Joanes D N and Gill C A. 1998. Comparing measures of sample skew-
ness and kurtosis. Journal of the Royal Statistical Society: Series
D (The Statistician), 47(1): 183-189 [DOI: 10.1111/1467-9884.00122]

Lai X D and Zheng M. 2015. A denoising method for LiDAR full-
waveform data. Mathematical Problems in Engineering, 2015:
164318 [DOL: 10.1155/2015/164318]

Lee A L, Bartle K D and Lewis A C. 2001. A model of peak amplitude
enhancement in orthogonal two-dimensional gas chromatography.
Analytical Chemistry, 73(6): 1330-1335 [DOI: 10.1021/ac001120s]

Li L F, Liu F, Wang C and Chen L S. 2012. Measurement and control
of residual amplitude modulation in optical phase modulation. Re-
view of Scientific Instruments, 83(4): 043111 [DOI: 10.1063/1.
4704084]

Liu Y M, Deng R R, Qin Y and Liang Y H. 2017. Data processing
methods and applications of airborne LiDAR bathymetry. Journal
of Remote Sensing, 21(6): 982-995 (XK B, XB4 1%, ZEME, Wl
8. 2017, HLEHOL T 25 0 B B Ak B 00 LB R R
21(6): 982-995) [DOI: 10.11834/jrs.20176395]

LiuY X, Guo K, He X F, Xu W X and Feng Y K. 2017. Research prog-
ress of airborne laser bathymetry technology. Geomatics and In-
formation Science of Wuhan University, 42(9): 1185-1194 (X1 #%
T, SR, Ao 75 IR, A3 3027, 1 SCRE . 2017, FLERBOLIRBOAR K
HAFIT e . RIDR 22240 15 BB AR, 42(9): 1185-1194)
[DOTI: 10.13203/j.whugis20150779]

Matsatsinis N F and Samaras A P. 2000. Brand choice model selection
based on consumers’ multicriteria preferences and experts’ knowl-
edge. Computers and Operations Research, 27(7/8): 689-707 [DOI:
10.1016/S0305-0548(99)00114-8]

Qi C, SuD P, Wang X K, Wang M W, Shi B and Yang F L. 2019. Fit-
ting algorithm for airborne laser bathymetric waveforms based on
layered heterogeneous model. Infrared and Laser Engineering,
48(2): 206004 (7T #4, 1 By, 0 R, T WIAE, A0, PH LAk,
2019. FET 732 SRR P HLAOL N TR L5 B . 204h
S5HOETAR, 48(2): 206004) [DOL: 10.3788/IRLA201948.0206004]

Qi C, Zhou F N, WuJ W, Su D P, Wang X K and Yang F L. 2021. Ex-
traction method for diffuse attenuation coefficient based on air-
borne LiDAR bathymetric water column waveform. Acta Oceano-
logica Sinica, 43(1): 147-154 (748, JHI=E4E, SAC, 15 BHIS, 5%
&, BHJUMC. 2021, FETHLAR LiDAR I K /435 T 0418 2 sk 2R 50
RO FREAR, 43(1): 147-154) [DOL: 10.12284/hyxb2021005]

Qiao J G, Liu X P and Zhang Y H. 2011. Land cover classification us-
ing LiDAR height texture and ANNs. Journal of Remote Sensing,
15(3): 539-553 (IR 40, X/NF, 5KIRIL . 2011, FEF LiDAR 15
JE S0 B HURR 25 I 2% 0 HL ) 03 25 18 IR 2E i, 15(3): 539-553)
[DOL: 10.11834/jrs.20119282]

Su D P, Yang F L, Ma Y, Zhang K, Huang J and Wang M W. 2019.

Classification of coral reefs in the South China Sea by combining



2228 National Remote Sensing Bulletin i & 54k 2023, 27(9)

airborne LiDAR bathymetry bottom waveforms and bathymetric
features. IEEE Transactions on Geoscience and Remote Sensing,
57(2): 815-828 [DOI: 10.1109/TGRS.2018.2860931]

Tang Q H, Li J, Zhou X H, Lu K and Zhang Z Z. 2014. Seabed sonar
image analysis and acoustic seabed classification in the south of
the Cheju Island. Acta Oceanologica Sinica, 36(7): 133-141 (JH#k
fe, 2o, I 2LAE, REYL, SRR EE . 2014, BEJN 3w i A i
N AL A3 A7 -5 78 24 I 40 28 L PR 2E 4R, 36(7): 133-141) [DOL:
10.3969/j.issn.0253-4193.2014.07.015]

Velasco J, Molina I, Martinez E, Arquero A and Prieto J F. 2014. Sea
bottom classification by means of bathymetric LIDAR data. IEEE
Latin America Transactions, 12(4): 590-595 [DOI: 10.1109/TLA.
2014.6868859]

Xu C. 2014. Study on Seabed Classification Technology Based on
Multibeam Bathymetry Sonar. Harbin: Harbin Engineering Uni-
versity (PR . 2014. Z P AR 75 W T I IS S5 70 R HORWE Y
WA IR T W R T T AR K 2F)

Yang F L, Zhu Z R, Li J B, Feng C K, Xing Z and Wu Z Y. 2021. Sea-
floor classification based on combined multibeam bathymetry and
backscatter using deep convolution neural network. Acta Geodaet-
ica et Cartographica Sinica, 50(1): 71-84 (BH JL#K, RIEAT, 22FK
W, L, TS, 5% FLAR . 2021, I TR 2 4 B 22 I 25 52 L b

10.11947/1.AGCS.2021.20200065]

Yang M L, Fan Y G and Li B Y. 2020. Research on dimensionality re-
duction and classification of hyperspectral images based on LDA
and ELM. Journal of Electronic Measurement and Instrumenta-
tion, 34(5): 190-196 (1 A1, JiE £ NI, 225525 . 2020. 3£ F LDA
HIELM [ @00k BG4k 5 43 2607k 0F5E . o 7ot 5488
241, 34(5): 190-196) [DOI: 10.13382/j.jemi.B1902756]

Zang Z, Lin H and Yang M H. 2014. Dimensional reduction and classi-
fication of hyperspectral data for tree species using PCA algo-
rithm. Science of Surveying and Mapping, 39(2): 146-149 (i 5,
MO, AR . 2014, FIH PCA SEILIEAT IR AR Tl s Sl 3% A5 4
W4k 54325 AR, 39(2): 146-149) [DOI: 10.16251/f.cnki.
1009-2307.2014.02.031]

Zhang H. 2012. Characteristic weighting FCM based on improved Re-
liefF algorithm. Shipboard Electronic Countermeasure, 35(1): 79-
82, 85 (7K . 2012, KT ok ReliefF 53k Y45 AF ANAL ECM. I
F H X L, 35(1): 79-82, 85) [DOL: 10.16426/j. enki. jedzdk.
2012.01.030]

Zhao Y X and Zhao T. 2020. Survey of the intelligent seabed sediment
classification technology based on sonar images. CAAI Transac-
tions on Intelligent Systems, 15(3): 587-600 (#X & #r, ¥ 4 .
2020. IEJE P KRR R B REARDE SRR . B RER i

T4 B 04 22 308 SRR IS IS I 4 2% . 4824412, 50(1): 71-84) [DOLI: %, 15(3): 587-600) [DOIL: 10.11992/tis.202004026]

Airborne LiDAR bathymetry sediment classification considering the
optimal features by using seabed point cloud

SU Dianpeng"*’, HUANG Yu',YANG Fanlin"?,ZHAO Dineng*’,YANG Anxiu"?,LIU Jiaoyang'

1.College of Geodesy and Geomatics, Shandong University of Science and Technology, Qingdao 266590, China;
2.Key Laboratory of Ocean Geomatics, Ministry of Natural Resources of China, Qingdao 266590, China;
3.Key Laboratory of Submarine Geosciences, Second Institute of Oceanography, Ministry of Natural Resources,
Hangzhou 310012, China

Abstract: Airborne LiDAR bathymetry (ALB) seabed sediment classification can provide basic data for the development and utilization of
marine resources, marine environmental protection, marine engineering construction, and other fields, which has great relevance to marine
activities and marine scientific research. To solve the feature redundancy problem in ALB seabed sediment classification, this paper
proposes a sediment classification algorithm considering optimal waveform and topographic features. Based on the extracted waveform and
topographic features, the Relief-F feature optimization model is constructed, and multivariate features are optimized by calculating the
contribution rate of each feature in the sediment classification. Then, random forest, support vector machine, and BP neural network
classifiers are used to classify coral reefs, gravel, sand, vegetation, and coastal zones five types of sediments. The proposed method is verified
using the ALB data captured around Ganquan Island in the Xisha Archipelago. The experiment results showed that after using the Relief-F
algorithm for feature optimization, the classification accuracies of RF, SVM, and BP neural network improve by 1.1%, 1.1%, and 2.7%,
respectively. The random forest sediment classification has higher classification accuracy, and the overall accuracy and Kappa coefficient
reach 95.36% and 0.94, respectively. The research results can provide effective technical support for the seabed sediment classification in the
fields of marine engineering and other fields.

Key words: airborne LiDAR bathymetry, sediment classification, waveform features, topographic features, Relief-F feature optimization
model, image processing, ocean
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