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ABSTRACT Understanding environmental perception is crucial for the autonomous navigation and motion planning of humanoid
robots, especially in complex environments. Staircases pose a significant challenge as obstacles on them can disrupt planar features,
leading to inaccurate parameter acquisition and potential missteps or falls. This study employs a methodology that integrates region
growing and plane construction techniques. Initially, a depth camera captures the point clouds. Improved voxel filtering and straight pass
filtering are applied to effectively eliminate noise, reduce data volume, and improve algorithm processing speed. The KD-Tree algorithm
is then used to establish point cloud topology. By minimizing the sum of projections of neighboring points, the algorithm estimates
normal vectors and accurately extracts staircase levels based on plane normal vector constraints. The region-growing clustering
algorithm with adaptive parameters recognizes stair obstacles by defining cluster boundaries using statistical properties and principles.
Individually clustered obstacles are then eliminated by assessing the region’s minimum points, whereas non-individually clustered

obstacles are identified based on the maximum number of points in the region. Subsequently, the plane is constructed, and obstacles are

I #5 B #8: 2024-05-10
EEWB: dbpthiRE ., ook B 1 25 0 258 fe i1 S P08 B AR G158 9% Bh 3 H (2221100000222016)


mailto:yunaigong@bjut.edu.cn
mailto:yunaigong@bjut.edu.cn
https://doi.org/10.13374/j.issn2095-9389.2024.05.10.001
https://doi.org/10.13374/j.issn2095-9389.2024.05.10.001
https://doi.org/10.13374/j.issn2095-9389.2024.05.10.001
http://cje.ustb.edu.cn

340 TREREEAR, 5 47 %, 5 2 1

eliminated by analyzing point mutations within the plane. In this study, obstacle elimination experiments were conducted using data from
various obstacle-impaired staircases of inaccessible types. The data and experimental results were recorded and analyzed. Additionally,
experiments were conducted to estimate staircase parameters with and without obstacle rejection. The elimination experiments
demonstrate that the average correct rate for removing individually clustered obstacle point clouds is 92.13%, whereas non-individually
clustered obstacles are removed with a 92.72% accuracy, leading to an overall elimination accuracy of 92.43%. These findings indicate
the effectiveness of the proposed method in precisely identifying and eliminating various obstacles in staircase environments. In stair
parameter estimation experiments, obstacles significantly hinder the humanoid robot’s ability to accurately measure step height and
depth. The experimental results demonstrate that the maximum height error in stair parameter estimation when obstacles were present
reached 30.55%, with the overall average relative error being 16%. However, once obstacles were removed, the errors in three-
dimensional height measurements decreased to 8.53%, and the overall perception error dropped to approximately 7%. The average
relative error in height is reduced to approximately 25% of that when obstacles are present, whereas the overall perception error

decreases to about 50% of the error observed with obstacles. These findings highlight the profound impact obstacles have on stair

perception and demonstrate that removing them substantially enhances the accuracy of stair parameter estimation.

KEY WORDS humanoid robot; complex environment perception; staircase; region growing; parameter estimation
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Table 1 Obstacle morphological parameters

Physical

Data (number-name) picture Colors Length/m Width/m  Heightm  Diamete, /m  Volume/m’
(- Footsteps . # . Brown 0.2600 0.0500 0.0500 — 0.0007
- Laptop bags e '_‘_" Ashen 0.4930 0.0750 0.3000 — 0.0111
(- Large boxes - White, blue 0.3720 0.2450 0.2350 — 0.0214
@- Ball tubes Blue, orange 0.3930 — - 0.0660 0.0013
(®- Paper towel White, blue 0.1300 0.0950 0.0550 — 0.0007
(©- Small boxes Red, yellow 0.1950 0.1480 0.1060 — 0.0031
(- Stack paper towel - White, blue 0.1300 0.0950 0.1100 — 0.0014
(8- Paper towel and small boxes — — _ _
®- Large boxes and kettle 0.4000 — — 0.1560 0.0076
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Table 2 Comparative experiments among point cloud filtering methods

Filtering Point Running

Method results clouds time/s

Original point cloud 217088 —

Statistical filtering 182979 0.1280

Radius filtering 7203542 1560

Voxel filtering 72846 0.0145

Voxel and statistical filtering 19642 0.0258

Voxel and radius filtering 19214 0.1807

> Y
Improved voxel filtering W 54339 0.0852

Improved voxel and pass-through

filtering 17830 o

3 OEEEAT A LR

Table 3 Comparative experiments among normal vector estimation

methods
Method Results Point clouds
K Nearest Neighbors 9885
Radius Neighbors 9813
K-Radius Neighbors 6784
KD-tree 9641
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I f 2 B (0 BE A8 DR S 7 )R R R HE L, A AR
TE Tk 1 EAL TR SRR, RE % PR T8 ST A

2 TR o83 11 7 ST T A5
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FHEED. @, ©. Qi FT B M E N
B 1 400 A 2 S0 ok S 6 . 18 U4 2R 0S80 30, —
MBI ER — RIS, B8 T 5
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geit, WE 4(c) i, Yl R 2751, K4 R
B A TN N 1 25 25 B 3 A B R SO T A
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ELJ7 I, AR A bR RO B — A R YAk bR
7R V- TN L Y 05 = B, B 4(d) S A E A
T, [ 4(e) Jy BEAS9 50 bR (RO B, IR &40
SRR BS & By b B A% 4 5 2 . AT D 4 5
MR GG s = . SEUAE . SEBR B A s DL S R
1) o B 400 o 2 B0 H R AT 30 58, 5 BB B 5 0 S
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T B 5(e) Ay Bt ) 3 26 )2 Ak 3 F- T s 4, H
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Fig.4 Elimination experiments for individual clustering obstacle point clouds: (a) original image; (b) point cloud image; (c) clustering histogram;

(d) clustering results; (e) obstacle removal results
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Table 4 Results of the elimination experiment of individual clustering obstacle point cloud

Data Parameter. a Lower threshold, Qriginal Actqal obstacle Elimin?ted obstacle Rejection
’ Niin point clouds point cloud point cloud accuracy/%
@ 1.0 487.70 7627 269 248 92.19
® 1.0 1142.76 20784 1092 1189 91.12
© 1.0 749.80 4140 438 465 93.83
@ 1.0 805.79 4606 232 252 91.38

95.14%, & B 3 P 7 % LA 3¢ i 1 65 A M 0 0B
PEBRT S, X FHE AR 2R B4, S35 5
B 1E B 22 RE A5 38 2] 92.72%.
26 ERMBEEBYA=IBRITESTEL

R BIE T R A S, AR SO SOk [14] E4 TR
B IR A A s B B DA B SR E A T R R X

(1) BERHH) 1525 S B3 A 0 ) EE S 56

SCHR [14] 5 ¥ Y 32 B AR 2 B BORR B 1) 18 .
ST, 38 Ao A 408 R 1 S TET PR A0 Bk AR TR B

U ETET A i B, DA 25 BR BE AR . SR B O N
AR ©, & e T R AECh 30, 7 {E R 30,
i 23 B {E 2 0.05, X A A 18 B TH AT DX S 2R 2
AL K 6(e) iR, R EAB5R 3 F1 6, H
H, B B — AR Rl R AT, B
© A7 P A~ I BAL A 3R 21 (1 o A AR S ) A A
B R 46 5 AN TR A0 15 7 1), B BUCEL A R0 4 G R
HEAT - T R 3, 16 107 119 4 3 SF- 1T 4000 3 L
S TH] (] BE 4435 8 R 0.01 m, G834 T 1 1 BE X R
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Fig.5 Elimination experiments for non-individually clustered obstacle point clouds: (a) original image; (b) point cloud image; (c) clustering histogram;
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Table 5 Experimental results of the elimination of non-individually clustered obstacle point clouds

Higher Culling factor Amount of Original point  Actual obstacle Eliminated Rejection
Data Threshold, & . obstacle
threshold, N,y (0.5, 1.5) change, An clouds point cloud . accuracy/%
point cloud
@® 2823.00 1.2 681.9 2137 2823 87 83 95.40
@ 7060.66 0.8 566.88 655 7144 1450 1352 93.24
® 4045.84 1.2 1224.60 1440 4082 439 382 87.02
4972.52 1.2 1282.56 3401 5344 891 827 92.82
©) 5845.53 1.2 586.8 685 6357 1439 1432 95.14
FO A5 2 B, W AR B N TR R S 91.93% FT 88.64%, {H -4 S Bk HE#f R AL N 89.20%,

SERE, AR AR BT TS AU A 5 A A
S VR i A 0 I i 0 1 300 S AL K R AR e B L Y
BRI TR, SRR R AE 6(e) in, HrpE 6(d)
R Ak A bR 22 7R 2 R 3 T TP AE O R AL,
AR BRI S HIT AL 1 T T Y S B
SR AE R ANER 6 FraR, SCHR [14] 095 1k i 45
TBURE A 114 185 T T R 08 A A0 S R RS B AR 4, X
T = 25 TR [ B A 0 o M A 2 53 51 Ol 87.04%

I HAZSCHR 7 12 ACRE T T S Bk AR Sk 3R 2K 09 e
YL, A —E W R BRPE. AR EL Z T, AR SCRIHE
I B 0 31 5% 77 1% RE 6 AR 4 M A D Bk 2R S R A )
55 3 B 2R 2K B W A TR 5 S B 1), L X
22 b 208 R R o e 150 JHCF- 32 B3 3% 19 1 1 3% s 3
92.43%. & WIS SCT7 1 A1 458 e 119 5 A P R0 o Af
by, R O SRS BRI ) S BR TE A R O 92.13%,
Xt AR B SR R A ) SR IE 5 R 92.72%.
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Fig.6 Elimination experiments for non-individually clustered obstacle point clouds using the method in Ref.[14]: (a) original image; (b) point cloud
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image; (c) clustering results; (d) point cloud histogram; (e) obstacle removal results
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Table 6 Experimental results of elimination of non-individually clustered obstacle point cloud using the method in Ref. [14]
e TR ane e QWML AR ORI e
@® 0.01 12.68 22 244 108 122 87.04
©@-up 0.01 28.76 35 836 285 308 91.93
©@-down 0.01 29.27 43 966 234 261 88.46

(2) BB AT I )X G 52 56

B X 3 BRI R 2% i A ) S 5, A SC 5 Sk [14]
Tk AT T B kR R, R BEOD. 6.
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SCHiR [14] 75 3 AN AT i FH 6 4 K0, X 4 41 B0E e
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27 =4S EBAN TS

AR 7N A T 0 S ) A R B3 B e A
F AR UEA T BB 1) — 4 S BUR IS 56 (% 8), R
HATHEIE®, ®, @O, H“4i'5-H" Fn Gy
FEAE BT RSB BN S50, S5 - W 2R ] I e

KT SO0 [14] AOFEES AT D0 S0 K
Table 7 Experimental data compared with algorithm runtime in
Ref. [14]

Data Cloud Ours-T/s 14-T/s
@ 9614 0.5638 0.7219
® 307183 0.9934 —
© 298453 1.0234 —
307182 1.1179 —
©@ 14430 0.8134 1.3857

Average 187372 0.9024 1.2064

39 5 B R R B S 50, BRI 1) 2 508 B B
W H, SEE LW D, B8 m. I Hre « Lee .
Dre VL H 43 B0 Y X R 8 2 500 # X % 22 {8 RE
(Relative-error) , F i RE = |ELIHAA — fli THAE]/ FL A
e Ji L H-M” 1 W-M” R WA $iE h H. L. D
XL - B AR X R 22 MH, “—" KR BB

2 2 MM 2 B 2 810 (H=0.15 m, L=1.65 m, D=
03 m), My fiHE 5 HSEZ A 22 5, LA
XU 22 B 3 B PEAL 8 bR, (BRI R R B
B RE RS 2 ROk A . S50 25 R R B, BB A7 A 0
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Table 8 Experimental results of staircase parameter perception with and without obstacle point clouds

Data Hi/m H,/m Hs/m Hgpg Li/m Ly/m Ly/m Lym Lgg Di/m D,/m D;/m D,/m Dyg
@-H 01940 01471 01078 1979 1.7454 17332 17115 1.6182 4.11 03210 03323 03293 03600 11.88
@-N 01547 01509 0.1334 493 1.7284  1.6628  1.7080  1.5950 3.30 03200 03251  0.3331 0.3602 11.30
®-H 0.1938  0.1080 — 28.60 14092  1.5600  1.7049 — 7.80 02954 0.2836  0.2776 - 4.82
G®-N 01700 0.1672 — 12.40 14092  1.5600  1.7049 — 7.80 02954  0.2859  0.2776 — 4.57
®-H 01540 02083 0.1264 19.10 13809 14677 15508 1.6487 834 02643 03249 04407 02939 1728
®-N 01585 01712 0.1635 9.60 14800 14677  1.5491 1.6487 6.89 0.2611  0.3249  0.3073  0.2939  6.43
©-H 02022 02483 00542 5470 17609 17560 17230  1.7480 586 02777 03208 03156 03200  6.56
©-N 01518 01295 0.1400  7.17 1.7323  1.7348  1.7454  1.6985 4.71 02862 02873 02986 0.3048 2.73
H-M — — — 30.55 — — — — 6.51 — — — — 10.14
N-M — — — 8.53 — — - — 5.67 — — — - 6.25
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