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Abstract: Drivable area detection aims to detect and extract areas where intelligent vehicles can travel on the road. The
current mainstream detection method is mainly based on the spatial feature of three-dimensional light detection and ranging
(3D-LIDAR), which is difficult to deal with unstructured roads without clear spatial features at the edge of the road surface.
To this end, this paper proposes a drivable area detection method for unstructured roads based on the fusion of point cloud
space and reflection intensity. First, the cylindrical coordinate system detection model based on the spatial features is im-
proved by fusing reflection intensity factors; then, using intensity and dimensionality reduction space detection to optimize
the ring detection model with low detection accuracy, and combining it with the cylindrical coordinate system detection
model to improve the detection accuracy of the method; finally, a comparative experiment is carried out on the self-recorded
actual road dataset. The experimental results show that the method in this paper significantly improves the success rate and
accuracy of the drivable area detection on unstructured roads, and it also has good results on structured roads.
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Fig. 1 Construction of adjacent point sequence container in cylindrical coordinate system

3) iR siAeril.

a) fRIALA 2 RFAEAS I THEEAR SR R 81 % R
PP, BEERRRE 22 BUAE, BRI 22K T B, A
DG KT, NN RS . BERKTT AR RF o (R AR
WRFFIING e, WRIESEE NS, BEZE B e, BAE
BRI AR T

z .
Gr =A{gkilgr; = abs(L )
Pk,i+1 — Pk,i

— Zk,i

pri=1p 0 2", pr; € G} (n

TR 55U 514 P 38 AW 2 A ik i a2
R

1 card(Gy)

gk = m Z; 9k,is ()
S = {pk,ilabs(gr — gri) > €1}, 3)

Forpr: g AAHAR SR HIREE A, card (1) JusREE &
HIT RN R, abs(-) NAAHE RREL

b) S B FERF AR : o AR s 81 h 2% s
SiR L2 FE, A5 I B A R ORI T S B
ST SAME, T 5B R, AR o R R

PR RN EN & o wy, 5, & RN, (R A&

NS, SREZ By, WHEBIE HE 0
Wi = {(itsgin,- -
pkvi'intensity’ P> n} (4)

THEE BT A s 5 5 B S5 E 5 Wi 1 S 32 1
NG

N its;m_l) |itSk7i =

. 1 -1

itSk = — Z itSk,j, (5)
Jj=i—nm

S = {py.i|abs(its, — itsy;) = e2}. (6)

DU B AR A R AR A i P 51 7 21
RT3 28 AR B SR IO P A, ABUREEAR 17 I
Fr A2 ki s 1) U5 BN L, FF HHMIREE AR BOL TR
IRAET AR 73 B RN 2 {70 2 AR 408 P 1 IR
N, B BLL A RN, BB A 8 o
IR AL R R pe R DM AR 2.

2.2 MRS RLR

FEAG I R A 5 2= Bdfe 10 5 R ik, A 4805
FER R AL F B 7 ISR 8 22 IRV RF LA R %
1 5. TR Rz o 207 3T R, AR 1 A,
Al — 3 R b 3 AR R i o A 4T i = 4R 3 ]
RATIE IR IR TN T R AL, BUE T iR e
TR,



850 B owo#H w5 N

H41 %

&1 ALARZAAMAEAR &R IELE R
Table 1 Cylindrical coordinate system point cloud data processing
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Fig. 2 Ring dimensionality reduction spatial feature detection
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Fig. 3 Ring reflection intensity feature detection

& 2 AR AFAEAS M H K
Table 2 Ring reflection intensity feature detection
algorithm

BN REIE S ES P ={plp=[z y z o intensity]T}.
THBNE LR/ SREEZEBE A 70
Wi Ok RES S,

ny = Py xsize(+);

for i in n, do

I = p;x intensity >
end for
for(n < j<ny —n)do
1 Jxn
WF == Y I,
=541
1 92!
WB== 3> I;
nk:jfn

if (abs(WF —its;) > 7o||abs(WB—its;) > 72) then
Sxpush_back(-) = pj;
end if
end for

ARG BOFR T AL IR 42 J7 (67 78 76 1 ARGl [X 3,
AR R A% w3 (07 RN 1AL AR Z A
DN RY I 2 A7 B B — PRk, O HH 3o il =

£E, A BE ERR TR I v 1 S . (ELE AR,
2TV I AE R 22 A7) 5 5 242 1n) B 5 R B, [ k,
FEAA R Z 0 A 7R i iR e 3 iy 30 A A N o4
e N FEABREG. B AL S BRI HH o fig 1k
PILR BN AR, RS R HR  (03%E rAS I
23 WTHXEARANE

28 e g e SR HAS B A A R, He TS
AT AT X S . AR ARSI BRI R A A
AN E VE R RF R AR SR FH B D128 2K it 2k (Bezier)
SRAN L AT AT B X I3 . B L2 2R 28 b 3N AR A
T — B 2. AR 1 DL€ R il 2 45
HBEBRNC = {pi|p: € S}, F RN A B, T #h 28 4%
L AT

B(t) = (1 = t)pi-1 + 2t(1 — t)pi + t*piy,

t€0,1], p; € C, (12)

W r AR A A s ) s A BRI B 2R BB AR — SR AT
13 BB AT AT B0 X Sk A
3 SERERS55T

VN B e B3 A E e e s R SR DA | B AU e e
SR AT AT X SR A, SEEGF B A /Ng” 4 TR,
Ho B — AN # ERS-LiDAR- 16306 5 i% . 4 MRGB
FHHLFI—EGNSSH A FHR G W&, AL
R FH IRS-LiDAR- 160 B 18 K 22 B 7E R RE 4
TR, ‘24 m N 1.4 m, BEFANZN10 Hz. 5 IEAAAR
FCLZERON R s, oA R AT T 10, ol P AT T
A, 2T BT ) .

B4 AN ST
Fig. 4 ‘Zhi Xiaofeng’ experimental platform

VS BT S, AN A 3SR S LTS
50 43 Hr. B 2 182541 FIKITTIRY 6E 25 3 /A T 44
PiAE, tHOAZBOL T L, R FEA ST EY X
LN s N a2t (A S F - AN (e 2 (A S
%R R B B2 9 i FH A /N 7 S B SR AR 1192395
ot [ 2R B AT R A O il [X 3 e e 4, 164k
BOG T IASEN, S EaIE . R, EEmAELS
a3 i 2H R s £E3 8 BN S B R AR
(1123951 2 el 37 s A0 HE 42, 1628 WO T 1A%, %



852 oA R 5 N A

H41 %

S AT IE A AR 2 ot BN AR LS LB .
3.1 HIESERHE

AT VEFF R I8 A FLinux FIROS %2 44, i
C++iB 5 SEIL. 115 5 01# FH AMD Ryzen7 5800 Hik
2%, H 3.2 GHzESF116 GRAM. A X 5 {E64
ZEKITTIA 508 5 A mi-F- 35 F B 18.47 ms, 7
P AN 162k S B i B 208 B b i~ 35 F I 43 51 N
8.37 ms, 10.31 ms; H SR [13]55= TAEAL R Ffar sy
ARSI SR et IR B92%, HLAE 64 4R KIT T FF 4040
£ FAEITE2 PN 916.88 ms, ZEF A 16 42 SERrid ik
Hs LR 53 31289.07 ms, 9.46 ms. AL
SR X B LA I A RS TR A 22453 ms AN, 584
T EBOETRIA 100 msPFIHIAR, BAT AT SER .
3.2 Bk

AR SCHR [13, 16-1814F X R DLIG IR
TRUER I, SCHER 13125 T FE A8 bR RAG AR S8, 2
TEHT SO A %7 VR RS2 E 3, AR S0 A E H L
EEE TR, SCHER [16]°% FH 8 8 T A REAE AT AR 418
MR RGEA R Tk, B BB 9 F i — ik
P00 % T P 7P 10 DA S v 3 B K B0 1), PR A
AT A2 B AR5 AL ASE WU 7E FUL A T I 5 38 R A i 5. 3
HR [171R F 228 308 B AS R AE A I v, S8 e i
FRUAFIATS 557 3 7 SAAG U 356 55 1 2 B R T A, A B
B A IR ANS ACTE I 28 $2 T+ H V20 B A4 T8 B 1)
SR, SR (1815 T M A AT AL s B, R £ =
[EJRFAE « T8 A BB SRS 1% 55 40LA AT AT 3k (X ekl
Gt

Hof AR S By AN HR SR A 3N B 4 AT Xt T
S 03N EE A M T ARTE IE A 1 P47 X 35,
A SR AR BRI AT AT B X3 b v X 3k A A 90%,
D522 ot DR R 00 TE . 385 495 - 4% SRy 381 1
Bff 4 R A 30 DX ot K5 o 28 b R BT B A SR e ok B
TEICHERATE. SANELE R BIVERR N3 s,

R3S AEHE SR 2 oSS M TE B
Yy serh, AR SCRE RIS IR B2 A A R, IE B
A FIEAE SR IE S Bt BAT AP RCR, REfE R AE
ZE BB IR RIS . H AR 29 (1 [l X L e Ak
BB N TG, (R 27K B AMAE 4L
T 5 BAR, 138 B30 ATy BAG 23 [, 0o B A
TE AR P T A R AE A5 73 25 (B R AR BAS I H o] 47
g DX 35, {10 B T A SRR AAE (PR S92 A e s I
T KA 2 BRI LG, A SRR AT A 25 (8] 5
S5F i FEE R R AR DL S JR il 2R HE RS HE AT AT R X
Wih G s A3 H ) A il 5 A TE B A A AT
AUNAT 18 FAT (IGO0, PR3 A B AN SEAS R A 5 IX 4,
Xof BBV AE B 2 A 23005 (AR AE I 24 B A0 DX I A
DNATAT B IX I, Soma S A M, R e I R 4L AL
B 2 AR AR SRR T DU 2 S5 B TR o

BAAS N L AT AT 3 X3 35 AR SC ARV AR B A AR 2 A
PE4E3 b 5 T AR A bR AR AR TR AT T AT AGI A
TR %o 0 R ARG PR B = A, PT A R A SCBRE0RE
PRI RS FEAT DO A I I 5 8 AT LUK IR b i =
2% [A)RFAL RO A 435 K P T 5 37 53¢ PR AT AT 360 X 3l v
HATE.

% 3 HikmmEbix

Table 3 Comparison of algorithm accuracy

% WO 1% HORE2% Mm%
ASCEE 95.36 94.58 88.67
FT R AR Aok 94.68 84.45 77.36
DR R SR
T ERIEERHES 93.28 86.53 82.44
FRAE R RISE
ST 9206 8805 8035
FHIER) S5
A 92.14 8747 78.88
LRI APS

KIS AR SCRIE S SR A R I E AL SR [16)5 T
TE BT AE5 A A 5 58 AR B SR A IR LE.
15 (a) Ay SE B 8 JET s TB15(b) Ao BU ARG 0 20 R
B, d B2 bR IR AT B XA 45 2R 15 (c) WA
TR DN A R P, A R AT AT Bl X A W £
P15 58 14T R R 4R 3 24 el A M AL s L A7 55,
HISEBRIE B B Fr TR, ZRATIE 5 MTIE R GER T
T8 B A o, 23 A TE A AR, X BREERE A
ATIE— IR 4T ASCREIE 8 5 2 (Rl A
Rl BEAB TR 4208 . 55247 2 e R 2 el X T % rh P
T, BT SR TE R L S RHE I e 1E
HEAE ), AERE S INBE I K35 T B AR k) 5 kg il
T RS T, S BRI SR N, AR SR S A U

PE.
3.3 WA RER

AT H 25— B A SR AT S R A B ) SR
W5e, fe W BSOS A SCRIE IR SCR. 6 2R
T A7 5 SRR, 85247 N = 4R80T 15 R 4G A
=B, 3T NA DA S R, Hb i A s

AT
Kl6MR 375 1 NKITTIA B 45 FH 6428 TR 1A 5L
PR, Z A NAE N B, 35 B A

BRI RE A 0N 22 TRV RFAE SR B A28 A, 2R DLZE R
it 26 1015 52 BHAH A 5. S 52 9 el X Bt SR ) 162k
BB RBOR. 23757 9 X AR G N 1, SE B 98
FEAR AR, S 2 M DM R X 20 30 57, A (32 57 17



ERE ] JEITER AL a2 2 ) 5 S5 S o P R o T A P B T A DX e 853

WA HE I B2 [AVRFAE. ASCRERI T s B R AT B0 I DIAEIR 70 81, A 30 5 2 [ R A A
Uik s, HX AR TE R BCRAT RIFEHRIE. 390 WBhs Y B ] AT B X8 5 AR AT B X, ASCHGE
FERRER I 1620 B TARURRCR . 23508 Ak Ey, el S o R R S AT BERS A S L R AT X K.

an
i

(a) SEhris (b) X EL 5% (c) ARILHIE
K 5 seaget Bxttt

Fig. 5 Comparison of experimental results

(a) W5l (b) st (c) =3
K 6 JiRl7 5 R

Fig. 6 Display of typical scenarios



854 oA R 5 N A

H41 %

4 %

Bt AR5 R A B R 3 3 AR AN B S S BTG
Y AR BT 47 5 X3P o R, AT AR T — A T
23 ) M1 I S 7 P i 3 P T 47 5 DR I 735 %770
T 5 P 2 A A 00 A A 28 G AN B TS AR AR 42
HXI 2545308 15, SR DA UL FE IR B R B il . S 4
SRR, AT AL G T 23 VR AORE I 7 7, 2
SCI AT ARG R A A R T AT B0 X S I v A
SRV R KARTE. (HFTRITETH AL Z AL, Ik
XPAT B X 3k A (R RS AT 40 SRR, ARk 3 n
T4 SR ThAE, 3R 77 IS F .

SE3Hk:

[1] JUNG Y, SEO S W, KIM S W. Curb detection and tracking in low-
resolution 3D point clouds based on optimization framework. /EEE
Transactions on Intelligent Transportation Systems, 2019, 21(9):
3893 —3908.

[2] LYU Y, BAI L, HUANG X. Real-time road segmentation using LI-
DAR data processing on an FPGA. IEEE International Symposium
on Circuits and Systems. Florence, Italy: IEEE, 2018: 1 — 5.

[3] BAYOUDH K, HAMDAOUI F, MTIBAA A. Transfer learning based
hybrid 2D-3D CNN for traffic sign recognition and semantic road
detection applied in advanced driver assistance systems. Applied In-
telligence, 2021, 51: 124 — 142.

[4] MA W, ZHU S. A multifeature-assisted road and vehicle detection
method based on monocular depth estimation and refined UV dispar-

ity mapping. IEEE Transactions on Intelligent Transportation Sys-
tems, 2022, 23(9): 16763 — 16772.

[5] HAN 'Y, WANG B, GUAN T, et al. Research on road environmental
sense method of intelligent vehicle based on tracking check. /EEE
Transactions on Intelligent Transportation Systems, 2023, 24(1):
1261 — 1275.

[6] BAEK I, TAIT C, BHAT M M, et al. Curbscan: Curb detection and
tracking using multi-sensor fusion. The 23rd International Confer-
ence on Intelligent Transportation Systems. Rhodes, Greece: IEEE,
2020: 1-8.

[71 ONIGA F, NEDEVSCHI S. Curb detection for driving assistance sys-
tems: A cubic spline-based approach. IEEE Intelligent Vehicles Sym-
posium. Baden-Baden, Germany: IEEE, 2011: 945 — 950.

[8] GUO D, YANG G, QI B, et al. Curb detection and compensation
method for autonomous driving via a 3D-LiDAR sensor. /IEEE Sen-
sors Journal, 2022, 22(20): 19500 — 19512.

[9] LIU Jian, LIANG Huawei, MEI Tao, et al. Road boundary extraction
based on road morphology analysis. Robot, 2016, 38(3): 322 — 328.
(R, BRAER, MgPh, 5. JE TAE OB 2T I8 5 S EL. MLas
A, 2016, 38(3): 322 —328.)

[10] NAKAYAMA Y, MIURA J. 3D road boundary estimation using 3D
LiDAR with scanline-wise 1D deep feature and particle filtering. Eu-
ropean Conference on Mobile Robots. Bonn, Germany: IEEE, 2021:
1-7.

[11] XIONG H, ZHU T, LIU Y, et al. Road-model-based road boundary
extraction for high definition map via LIDAR. IEEE Transactions on
Intelligent Transportation Systems, 2022, 23(10): 18456 — 18465.

[12] ZHAO L, YAN L, MENG X. The extraction of street curbs from mo-
bile laser scanning data in urban areas. Remote Sensing, 2021, 13(12):
2407.

[13] SUN P, ZHAO X, XU Z, et al. A 3D LiDAR data-based dedicated
road boundary detection algorithm for autonomous vehicles. IEEE
Access, 2019, 7: 29623 — 29638.

[14] WANG G, WU J, HE R, et al. Speed and accuracy tradeoff for LIDAR
data based road boundary detection. I[EEE/CAA Journal of Automati-
ca Sinica, 2021, 8(6): 1210 — 1220.

[15] HATA A'Y, WOLF D F. Feature detection for vehicle localization in
urban environments using a multilayer LIDAR. IEEE Transactions
on Intelligent Transportation Systems, 2016, 17(2): 420 — 429.

[16] ZHANG Y, WANG J, WANG X, et al. Road-segmentation-based curb
detection method for self-driving via a 3D-LiDAR sensor. /EEE
Transactions on Intelligent Transportation Systems, 2018, 19(12):
3981 - 3991.

[17] DU Z, WU J, HE R, et al. A real-time curb detection method for ve-
hicle by using a 3D-LiDAR sensor. SAE International Journal of Ad-
vances and Current Practices in Mobility, 2021, 3(4): 1923 — 1932.

[18] WANG G, WU J, HE R, et al. A point cloud based robust road curb
detection and tracking method. IEEE Access, 2019, 7: 24611 —

24625.
e R

JAERRE WL HE AR, HOATHE S 1R N R AR IR ZE, E-mail:
979898416@qq.com;

%O L, BIEER, ARTHITCT A RIS R
(4, E-mail: skydestinyx @gmail.com;

BB L, BIBER. BETEETCT RORIR A ST et A2 5T,
E-mail: sunshine620@cslg.edu.cn;

FEE ML, HdR, HETOHUT ROATHRNLGE  MLERAE T H
)38, E-mail: shrgong@cslg.edu.cn.



