Cist=Msts|=2 %! Research Paper

elSSN:2287-7355, Vol. 62, No. 6, pp. 373—383, December 2025

Journal of the Society of Naval Architects of Korea https://doi.org/10.3744/SNAK. 2025,62.6,373

Km Check for updates

Rt HiOJEf 24 7jgh Mt 520 g

—_"1
3xI% ZOlE SRRC ZYst Y 2N 24

AES -GN 0132
Y= Yrotn hete s UAIARZ St
SYSHHHYLSI D EMHLZ S

A Topological Data Analysis(TDA) Based Lightweighting and Quality
Analysis of Large—Scale 3D Point Cloud for Ship Blocks

Joon—So0 Kim'-Ki—Seok Jung' T - Dong—Kun Lee?
Department of Ocean System Engineering, Graduate School, Mokpo National Maritime University“T
Department of Naval Architecture and Ocean Engineering, Mokpo National Maritime University?

This is an Open—Access article distributed under the terms of the Creative Commons Attribution Non—Commercial License(http://creativecommons,org/licenses/by—nc/3.0)
which permits unrestricted non—commercial use, distribution, and reproduction in any medium, provided the original work is properly cited,

The adoption of various Industry 4.0 technologies in the shipbuilding sector has recently accelerated, with particular attention being
given to techniques utilizing three—dimensional(3D) point cloud data acquired from LIDAR scanners, However, the raw 3D point
cloud data presents significant challenges in storage, processing, and analysis due to its high—dimensional and large—scale nature,
This necessitates a lightweighting process following initial post—processing, Accordingly, this study proposes a lightweighting technique
based on Topological Data Analysis(TDA) for the efficient handling of 3D point clouds, TDA is a methodology that utilizes persistent
homology, an adaptation of the core topological concept of homology tailored for data analysis, Based on TDA, feature points were
extracted by considering the size and complexity of the point cloud, guided by the lifetime of homological features in the persistence
diagram, which plots their birth and death, Specifically, features with longer lifetimes are considered topologically significant; by
selectively extracting these persistent points, the overall size of the dataset is reduced, For field validation, the TDA—based lightweighting
method was applied to actual measurement data from ship blocks, The results demonstrate that the proposed technique excels
at preserving geometric features while significantly reducing data volume, Consequently, the lightweighting technique developed
in this research is anticipated to enhance the utility of datasets for deep learning applications in the future,

Keywords : 3D point cloud(3XIH HQIE Z2fRE), Feature point(EXA), Topological Data Analysis(TDA, A CI|O|Ef 2Ad),
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Fig. 1 Classification of 3D point cloud lightweighting
techniques
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Fig. 2 Flowchart of the proposed TDA-based lightweighting
method and comparative performance evaluation
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Table 1 Summary of parameters used in the quality analysis

Parameters
Related to TDA and Topology
€ Distance threshold in the Vietoris—Rips filtration
H,, | k=th homology group
B | k—=th Betti number
Related to LNV
n; Normal vector of the i—th original point e =
! . M)
n, Normal vector of the i—th ightweighted point 130 ﬁ{ﬂg\:“" F
0.25
0, Angular between the normal vectors n,and n; B
Related to FPFH, Entropy, and JSD o0 . :‘
e o i gt
p,. |Probability of the k—th bin of the FPFH histogram 000 il 005
: - : 0.00 0.05 0.10 0.15 Birth 0.20 0.25 0.30 0.35
K |Total number of bins in the FPFH histogram
" o — c) Persistence diagram of the ship block
P |FPFH probability distribution for original data . (.) L 9 . P )
SPFH orobabiity distbution for Tahtweiahted d Fig. 5 Visualization of topological feature extraction and
Q probability distribution for lightweighted data lightweighting using TDA
Related to EMD
P Two point cloud sets — , e
.Q P = E Fig. 5(a), (b)oll 282t LIERHSICE Mapper J2iZ= BE
z;,y; |Points belonging to point clouds P and @ o 2E x[92 2xl(node) Tt BE! ZHe| o1 2Hi|(edge)2 EE
T,; |Optimal transport plan from point z; to y, 5k0 MAFY TJEiE 2 AlZislsto 2 o|Alse T1xE MAKO
dgmmp |Earth Mover's Distance between two point clouds 2 Bolst = QIEE o} (Simi, 2025). 0|2} 20| Fig. 60ll=
Related to NND 2 ASt 7| Holl chgk ZuE AlZEs10] LIERHSI20 Table 2
p;, |i~th point in the point cloud ol= cid Z2 "ot A1 Moz MASIRCE
d; |Euclidean distance to the nearest neighbor of p, Fig. 5(c)el X|&A THe= 3TN HMokel e e =Zol
tanp |Mean of d; for all points E ZeiEo| MESH 2ol MRz MEARK| ZI 3=
o . T2 sl 5= = HEe =xX35 42
o xp |Standard deviation of d, for all points EA[E ookl ofd SERAE OIFE BES F5010 28
: 512 SIMEIgion 1 ZD LIERfRIC
Related to Noise Robustness Fg_l — i ;; 4 F:H;_S(H) i } Mi } 4
o - ofx £ 55t ¥ Hg I} EAMoz S|
p |A point in the original 3D space 1LWE S JL | J J LNVE
= — , Feo| M HIE] B35S S&510 EHe| HESKsmoothing) &£
p |A point with added noise L N o
. . —— = EX HE £&2 Kl Y2 HolEe Mean_angle
n  |Noise vector from a Gaussian distribution . _ o o s -
5 , , 29.81°2 ol Mt £50| 7K 11Re| 7|skeld SFME LiE
o |Variance of the noise vector . o o
. — . Lok Voxel grid 7|12 Mean_angle®t Std_angle0| 0.07°,
5 |3x3 identity matrix 1.02°2 Zcido| mEls) 512 BYon o= =7k ZAlE
Table 2 Comparison of evaluation metric results for lightweighting methods
Number LNV (deg) FPFH NND Betti number
) EMD
of points Mean_angle | Std_angle | Max_angle | Avg_Entropy | Entropy_Diff [Avg_JSD Mean_NND | Std_NND H(, Hl
Raw data 800,703| 29.81 31.44 | 174.80 1.5766 - - - 0.0080 | 0.0055 | 8,133 1,030
Normal vector| 80,070 18.07 2428 | 171.41 0.5068 1.3371 | 0.5665 | 0.9251| 0.0215 | 0.0162 | 8,807 | 905
Voxel grid | 80,081 0.07 1.92 154.91 0.0066 1.6559 | 0.5775(2.3908| 0.0357 | 0.0117 | 10,661 229
Cd':taan Z-score | 80,277 52.96 27.22 174.32 1.6152 0.6268 | 0.5521 |2.5184| 0.0100 | 0.0092 | 2,727 | 367
Random | 80,070 18.16 24.95 166.14 0.6555 1.2282 | 0.5803 |0.1975| 0.0225 | 0.0166 | 9,837 [1,057
TDA 80,070 20.81 25.80 | 171.54 0.7094 1.0024 | 0.5427 | 0.6463| 0.0210 | 0.0158 | 8,153 [1,173
Normal vector| 88,077 9.81 21.73 | 168.66 0.3093 1.1676 | 0.5718 | 1.0048| 0.0247 | 0.0146 | 9,324 | 898
_ Voxel grid | 88,089 0.49 5.27 167.28 0.0091 1.5454 | 0.5771 |2.4216| 0.0323 | 0.0124 | 11,459 | 345
’\(‘;;'tsae Z-score | 88,304 40.79 31.22 174.35 0.3764 0.9890 | 0.5755 |2.5227| 0.0155 | 0.0096 | 2,377 | 414
Random | 88,077 10.72 22.70 | 173.15 0.3616 0.9239 | 0.5548 [0.2260| 0.0250 | 0.0153 |10,626 (1,073
TDA 88,077 12.25 24.00 | 169.82 0.3138 1.0947 | 0.5670 | 0.6000| 0.0240 | 0.0145 | 8,775 [1,140
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(e) TDA based lightweighting data
Fig. 6 Lightweighting visualization results by method
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—@— Normal veetor_Clean data —@— Normal veetor_Noise data —@— Voxel grid_Clean data  —®— Voxel grid_Noisc data
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Fig. 7 Comparison of normalized evaluation results
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Abbreviation
Full meaning

TDA Topological Data Analysis
FPFH Fast Point Feature Histograms
LNV Local Normal Variation
EMD Earth Mover's Distance
NND Nearest Neighbor Distance
JSD Jensen—-Shannon Divergence
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