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Fig. 4 Extraction of wall boundary. (a) Original point cloud of wall; (b) wall boundary
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Fig. 6 Extraction of wall according to density cluster of wall point cloud. (a) Original point cloud; (b) extracted wall
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Fig. 9 Cluster centers determined by different methods. (a) Center points determined by CFDP method;

(b) center points determined by proposed method
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Fig. 10 Different indoor scenes (apartment, bedroom, boardroom, lobby, and loft)
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Fig. 11 Different colors show extracted walls, ceilings, and floors of apartment and bedroom. (a) Extracted walls, ceilings,

and floors of apartment; (b) extracted wall, ceiling, and floor of bedroom

B 11 Ca) Bl s 9 28 B AL 5 T AN TRl 9 28 1) 4 s
HAN T 2 8] 46 Jg B9 2% A6 B B0 g JBE A [ o {E DA L B3 42
A LA 23 0 IR A i A S 4 B I Ok [] i)
AN 355 AT L A A A A R £ BB R L R S Y THT AT
EA E B EUE R . X TR 1) B i =5 6] A%
JR B8R T B BR A, BRAR B R AR A T L T
VERE T AL 2o o (H R Bl o o b 4 JBC i ke [R) i)
5 TR R 90 M TR A W A SR I O . O T ME R M X
B THT IR AL AR AN 3 T ) i BBOROR HE AT I R 4 Y

ST R AR LT s S LB
BN BOGECR Nk 1 PR .

e 1A LAWY S A Y B v K AR AR R M TR =
M PLICRIEARTE 9500 e v o X T 0 & A 15
TE K AE AR R THT 5 2 B8 2D T S BR  m RO L A
TER AR R . XF T b=, 52 By K 46 AR
M TG A5, 25 ) Rt D T S PR R RO AR S
T PR B4 . T 4 ARG i T B s R 2 T
Pr a5z B A S O R 3 o R B 4 0 =

AT EL B, AT

1104001-7



F£49% F 11 #1/2022 £ 6 A/HEH

1 BETA K AR AR M T B9 42 U8R

Table 1 Extraction effects of wall, ceiling, and floor

Item Actual number of points Number of points extracted Extraction ratio /%
Ceiling 165723 163220 98. 50
Apartment Wall 431545 427853 99. 10
Floor 149421 147339 98. 60
Ceiling 39944 38170 95. 50
Bedroom Wall 180153 182244 98. 80
Floor 32983 32102 97. 30
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Fig. 12 Different objects in the apartment are extracted by different methods. (a) CFDP method; (b) DPC method;
(¢) proposed method
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Fig. 13 Different objects in the bedroom are extracted by different methods. (a) CFDP method; (b) DPC method;

(¢) proposed method
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Fig. 14 Different objects in the loft are extracted by different methods. (a) CFDP method; (b) DPC method;

(¢) proposed method
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Fig. 15 Different objects extracted by CFDP, DPC,

and proposed method, and displayed with different colors.

(a) (b) Boardroom and lobby; (c¢)(d) CFDP clustering results; (e) (f) DPC clustering results; (g) (h) clustering

results of proposed method
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Fig. 16 Three types of indoor point clouds. (a) Almost all the objects in the room are independent and not close against

together; (b) a few objects in the room close against together; (c) many objects in the room close against together
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Fig. 17 Extraction results of wall, ceiling, and floor. (a)—(c) Actual wall, ceiling, and floor; (d)—(f)extracted wall,

ceiling, and floor by proposed method
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Fig. 18 Extracted three types of indoor point clouds by proposed method. (a)(c)(e) Actual objects; (b)(d)(f) different
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Table 2 The number of objects extracted by proposed

method in these three types of rooms

The number of objects
Type of room
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Fig. 19 Overlap degree of different ob]ects. (a) The first type of room; (b) the second type of room;

(c) the third type of room
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Table 3 The number of objects extracted by

proposed method

The number of
Actual number
Type of room accurately extracted

of objects

objects
The first type of room 28 22
The second type of room 35 26
The third type of room 30 12
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Table 4 Nqps Ngp» and Npy of three types of rooms

Type of room N 1p Ngp N~
The first type of room 22 2 4
The second type of room 26 5 4
The third type of room 12 13 5
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Table 5 Precision, recall rate, and Fl-score of extraction

of three types of rooms by proposed method

Type of room Precision Recall rate  Fl-score
The first type of room 0.91 0. 85 0. 88
The second type of room 0. 84 0. 87 0. 86
The third type of room  0.48 0.71 0.57
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Fig. 20 Extraction results of different objects in ten offices
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Fig. 21 Different objects in two lounges are extracted by proposed method. (a) Extraction result of the first lounge;

(b) extraction result of the second lounge
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Fig. 22 Extraction results of three hallways by proposed method. (a) The first hallway; (b) the second hallway;
(c¢) the third hallway
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Fig. 23 Extraction results of two water closets and two storage rooms. (a) Water closet 1; (b) water closet 2;

(c¢) storage room 1; (d) storage room 2

1104001-16



E49% £ 11 #H/2022 £ 6 B/FEHHL

S5 . IR 23 BN R B AT LA Y L 9 ) B ok =
AN [ i 49y = ) Jis 10 R0 e Al A 0 85 R B BB
U N B A A A B B S B Ok L i T
23(h) I HE LR AEIE 7 o DAV ] i 49 25 110 2R 2 4%
AT LUE il T 8 S A — e R L R Y
(11 it 40 2 0 41 BB 2R 2 1 BRTR AL L A S A 5 Y ) 1
ToIE PP B ok

6 4 1w

ARSCHE T I TR BOR B BN S n R
BERY 15 AR A 2 O I R R 43 B R s A
1 HE B R BT . LYK A3 AT AU E S 2 AR
T o 25 , FH 30 2 22 500 3 5 F 46 50 ok B 1) J) 3 2
BRI AR T = 5 i A 22 0] B A5 3 ) e
BRI L) R I B . A B, AR S = (B Y R A o A
MR BR B = (A R, B RM%HE 4
) 5 FUIH R | K6 AR b AR Y B R SR, X T
YR AR AL B DN SR Y RN A 2
WA RS, TR AR 4 2 o G B 5 R B e AL K
ANESE RS L . BT AR AR A R 2R X
ENERIEAT RIS, ARG LR % R AR, AT L
FEHCH D 18] 1Y 5% BE R A8 AR L MR, DL & B Tl Y Y
Wik,

WA SO S HAR BB R EARARE NG =T
(g AT A, S5 SR B AR SO 4R U H
4% T CFDP fl DPC Jrik ., [RIA, 44048 H b H)
FEAE /D W RS AR, AR S0 U7 B R OO T
CEDP #1 DPC J7 ik, BeAh, fff HRS 86 B L3 [ml A
F1 50 BORPE M A S5 35 10 H br 2 BUbE BB AR SO ik
(4 BE B 25 D 1) S 0 A R [m) i S [R) . B Bt AR
2R SO LB IE A T 4 B A AN A 2 2 A s ]
P B B SCO7 25 1 4 UM RE 5 A0 28 4 14k 1) S
EREEA G,

BE X AR SC 7 B B i S AR SR ALK T AR A D
FE B B B 53T 1 4 b T I S S 1k 1 — 28/
Py it B AN T B SO A /N H AR B

2 % X #

(1] FE#, EF, ki, % BT B0 H B0 HIEN
B 2R 26 a0 J7 ik (0] P E Ok, 2021, 48(16):
1610005.

Wang Z, Wang Z, Zhang X, et al.

threshold clustering segmentation method based on

two-dimensional lidar[J]. Chinese Journal of Lasers,

2021, 48(16): 1610005.

Adaptive

(2]

[3]

[4]

(5]

(6]

[7]

(8]

(9]

[10]

1104001-17

RN, METE, BEm, SF . R A JEOL A T Bk K
BB ] . EBOE, 2022, 49(4): 0410002,

Li W G, Mei Y, Fan X, et al. Railway track
detection based on vehicle laser point cloud [J].
Chinese Journal of Lasers, 2022, 49(4): 0410002.
Jain A K. Data clustering: 50 years beyond K-means
[J]. Pattern Recognition Letters, 2010, 31(8): 651-
666.

Ak, wEARVE, VR, . AZE RE LML
WHEE R ISE L D], AR, 2021, 41
(3): 738-744.

Guo J, Han L T, Sun X L, et al. Comparative
density peaks clustering algorithm with automatic
determination of clustering center [J]. Journal of
Computer Applications, 2021, 41(3): 738-744.
Vinod H D. Integer programming and the theory of
grouping [ J]. Journal of the American Statistical
Association, 1969, 64(326): 506-519.

JEEE, MBRETE, EW. T8 EREN A SRR
HBESEL)/OL]. ¥t 5uw T2 g 1-17 [2021-
11-03]. http: /kns. cnki. net/kems/detail/31. 1690.
tn.20210716.1534.012. html.

Tang G, Deng X S, Wang Q Y. Research on point
cloud filtering algorithm based on density clustering
[J/OL].
[2021-11-03]. http: /kns. cnki. net/kems/detail/31.
1690.tn.20210716.1534.012. html.

AR, EES, wBEAR . AT U 4R 09 A 54 45 % 4 2R 28
Bk ]. TARERESH, 2020, 42(9): 1209-1219.
Wu S, Wang Y Z, Gao X N. Clustering algorithm
for imbalanced data based on nearest neighbor [J].
Chinese Journal of Engineering, 2020, 42(9): 1209-
1219.

WalE, EESE, WeH, & BT AEMARIBNE
PRI C WERER L] T 5158 #4M, 2020,
42(7): 1774-1781.

Gao Y L, Wang Z H, Pan J Y, et al. Robust fuzzy

C-means based on adaptive relaxation[]J]. Journal of

Laser & Optoclectronics Progress: 1-17

Electronics & Information Technology, 2020, 42
(7): 1774-1781.

WsE, WP, BRI, 5. @ or P iE BOE RO R
RIMBMI R I H i [] . M4, 2020, 49(5):
589-597.

Huang L., Yao B X, Chen P D, et al. Superpixel
segmentation method of high-resolution remote
sensing image based on fuzzy clustering [J]. Acta
Geodaetica et Cartographica Sinica, 2020, 49 (5):
589-597.

Chakraborty S, Paul D, Das S.
clustering with optimal transport [J]. Statistics &

Probability Letters, 2020, 163: 108781.

Hierarchical



E49% £ 11 #H/2022 £ 6 B/FEHHL

[11] Lorbeer B, Kosareva A, Deva B, et al. Variations on 226.
the clustering algorithm BIRCH [J]. Big Data (18] #hyh, D, WE. TR MIEE N REE L
Research, 2018, 11: 44-53. (J/OL]. 8 MR - 1-9[2021-07-24] . http: /kns.
[12] Naresh V R K, Gope D, Lipasti M H. The cure: cnki. net/kems/detail/51. 1307. TP. 20210722. 1504.
cluster communication using registers [J]. ACM 008. html.
Transactions on Embedded Computing Systems, DuJ, Ma Y, Huang H. Clustering algorithm based
2017, 16(5s): 1-19. on local gravity and distance [J/OL]. Journal of
[13] 32, $kiNF, BRI, 5. Aa B RN E 0 9 Computer Applications: 1-9 [2021-07-247]. http: //
RIBBHBEERE SR B EL]. a5 2R G % kns. cnki. net/kems/detail/51. 1307. TP. 20210722.
i, 2020, 39(2): 263-272. 1504.008. html.
Huang L., Yao B X, Chen P D, et al. Superpixel [19] LiuY H, Ma Z M, Yu F. Adaptive density peak
segmentation method of high resolution remote clustering based on K-nearest neighbors with
sensing images based on hierarchical clustering [J]. aggregating strategy[J]. Knowledge-Based Systems,
Journal of Infrared and Millimeter Waves, 2020, 39 2017, 133: 208-220.
(2): 263-272. [20] GuoZS, Huang T Y, Cai Z L, et al. A new local
[14] Hou J, Zhang A H, Qi N M. Density peak clustering density for density peak clustering [M] //Phung D,
based on relative density relationship [J]. Pattern Tseng V'S, Webb G I, et al. Advances in knowledge
Recognition, 2020, 108: 107554. discovery and data mining. Lecture notes in computer
(15] &7, Mk, M. BiE S EEs hREHE science. Cham: Springer, 2018, 10939: 426-438.
RO, AR = 55 E, 2018, 12(12): 1996- [21] Chen X J, Yu K G. Feature line generation and
2006. regularization from  point clouds[J]. IEEE
Wen X F, Yang Z C, Chen M. Density attraction Transactions on Geoscience and Remote Sensing,
clustering algorithm between data points[J]. Journal 2019, 57(12): 9779-9790.
of Frontiers of Computer Science and Technology, [22] TIsik S. Dominant point detection based on suboptimal
2018, 12(12): 1996-2006. feature selection methods[]J]. Expert Systems With
[16] Rodriguez A, Laio A. Clustering by fast search and Applications, 2020, 161: 113741.
find of density peaks[J]. Science, 2014, 344(6191): [23] Jain A, Law M. Data clustering: a user’s dilemma
1492-1496. [M]//Pal S K, Bandyopadhyay S, Biswas S. Pattern
[17] Liu R, Wang H, Yu X M. Shared-nearest-neighbor- recognition and machine intelligence. Lecture notes in
based clustering by fast search and find of density computer science. Heidelberg: Springer, 2005,
peaks [J]. Information Sciences, 2018, 450: 200- 3776: 1-10.
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Abstract

Objective Indoor point clouds include walls, ceilings, floors, and many objects in a room. The extraction of a
room’s walls, ceilings, floor, and many objects is critical for many applications, including object identification for
indoor navigation, facility management, and reconstruction of construction. Given this, this study proposes using an
exponential function to construct a density clustering model according to the local density within a cutoff distance.

First, the distance between the boundary and an indoor point cloud is used to construct the constraint condition of
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wall density clustering. Then, a room’s ceiling and floor are extracted according to the exponential function of the z
value and local density model. Next, the local density model of different objects is constructed, and the constraint
distance is determined according to the size of the local density. Simultaneously, cluster centers are recognized as
points for which the product value of the local density and constraint distance is abnormally large. Finally, the cluster
of each point is determined by the distance between the point and cluster center. Then, indoor object extraction is
achieved by judging the distance between neighboring clusters. We conduct the extraction of indoor point clouds of
different scenes and compare our method with the CFDP and DPC algorithms. Comparison results show that the DPC
method is inferior to the proposed method but superior to the CFDP method. In addition, the extraction accuracy,
recall, and F1-measure of different types of indoor point clouds are calculated in terms of the matching rate, true
positive, false positive, and false negative. This study’s findings show that the performance of the proposed method
is affected by the degree of closeness between objects.

Methods For an indoor point cloud, the exponential function is used to construct the density cluster model of walls,
ceilings, floors, and objects in a room. We can extract them based on their density clusters. Before the
determination of the density cluster, the cutoff distance and local density within the cutoff distance are determined
according to the relationship between angular resolutions and the scan distance. Concerning wall extraction, the
comprehensive density function for wall extraction is obtained according to the local density within the cutoff distance
and distance constraints. A wall’s point cloud can be extracted according to the inflection point of the wall density.
Concerning floor and ceil extraction, the exponential function is used to construct the density function of the z value,
and then, the distributions of the density functions of ceilings and floors are obtained. According to the inflection
point of ceiling and floor density, the ceiling and floor’s point clouds are extracted. Concerning indoor object
extraction, the prerequisite of indoor point cloud clustering is the determination of the cluster center. The cluster
center can be determined by the constraint distance and local density. First, the constraint distance is determined
according to the magnitude of the local density within the cutoff distance. Second, the clustering center is
determined according to the product of the local density and constraint distance. Third, point cloud clustering is
performed according to the distance between each point and clustering centers. Finally, we perform the extraction of
indoor objects according to the aggregation of adjacent point cloud clusters.

Results and Discussions Table 1 shows that the extraction ratios of point clouds on the wall, ceiling, and ground
are ~95% . For the apartment, the number of wall, ceiling, and ground points is less than the actual number,
indicating that there is an omission extraction phenomenon. For the bedroom, the ceiling and ground points extracted
are less than the actual points, indicating that there is an omission extraction phenomenon. However, points
extracted from the wall are larger than the actual points, so there is an over-extraction phenomenon. The main
reason for this phenomenon is that parts of the point clouds from the ceiling and ground are considered point clouds
from the wall. As presented in Table 3, for the first type of room, the proposed method accurately extracts 22
objects, and the extraction ratio is 78.6% . Similarly, the extraction ratios in the second and third types of rooms are
74.3% and 40%, respectively. Therefore, most of the objects in the first and second types of rooms are extracted,
and no more than half of the objects in the third type of room are accurately extracted using the proposed method.
The reason for this result is that almost all objects in the first and second types of rooms are not close to each other,
but most of the objects in the third type of room are close to each other. Table 5 shows that the precision of the first
type of room is slightly higher than that of the second type of room, but they are all significantly higher than that of
the third type of room. The recall of the first type of room is slightly less than that of the second type of room but
greater than that of the third type of room. The Fl-score of the first type of room is almost the same as that of the
second, and they are greater than that of the third type of room. The extraction quality of the first and second types
of rooms is superior to that of the third type of room.

Conclusions This study presents a clustering model of indoor point cloud density based on an exponential function.
First, the cutoff distance function model is developed according to the distance and angular resolution of point clouds.
Second, the local density model based on the exponential function is constructed by analyzing the number of points
and distance mean and standard deviation. Third, according to the distance between the point cloud and boundary,
the constraint distance density of judging a wall is obtained. Similarly, the density function of the z value is
constructed according to the amplitude distribution and the exponential function of the z value. Combined with the
local density, the density clustering model of walls, ceilings, and floors is obtained. For indoor objects, the
constraint distance is determined according to the local density within the cutoff distance. In addition, the clustering
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center can be determined according to the product of the constraint distance and local density. Finally, indoor targets
are clustered according to the clustering attribute of each point. Based on the density clustering model, walls,
ceilings, floors, and objects in the room can be extracted. The proposed method is compared with other clustering
algorithms in different indoor scenarios, and the results show that the number of objects extracted using the proposed
method is greater than that extracted using the CFDP and DPC methods. In addition, when there are a few noise
points between adjacent targets, the extraction effect of the proposed method is better than that of the CFDP and
DPC methods. Furthermore, accuracy, recall, and F1l-score are used to evaluate the object extraction performance
of the proposed method, which varies with types of rooms. The results show that the proposed method is more
suitable for rooms with non-adjacent objects, and its performance is related to the closeness of adjacent objects.
Given the shortcomings of the proposed method, future research work will focus on the extraction of objects close to
each other. In addition, a future clustering algorithm can accurately extract some small items on other objects, such
as books or cups on a table.
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