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Research on the Estimation Method of Road Friction Coefficient Ahead
Based on Point Cloud Reflection Properties

Hu Hongyu, Tang Minghong, Gao Fei, Bao Mingxi & Gao Zhenhai

Jilin University , National Key Laboratory of Automotive Chassis Integration and Bionics , Changchun 130022

[Abstract] The road friction coefficient is a significant factor that impacts the decision-making control strat-
egy of the autonomous driving system. To achieve prospective and high-precision perception of the road friction coef-
ficient, a novel estimation method for road friction coefficient based on the LiDAR equipped in vehicles is proposed
in this paper. Firstly, a road dataset is constructed by collecting data from dry asphalt, concrete, wet asphalt, icy,
and snowy road surface. Then, road point cloud is extracted using cloth simulation filtering and RANSAC algo-
rithms, and abnormal noise points are removed based on Gaussian filtering. The road surface is divided into differ-
ent regions according to the variation of point cloud reflectivity with distance and incident angle, and features are ex-
tracted accordingly. A road recognition model is constructed based on the deep neural network and trained by the
collected dataset. Finally, the friction coefficient of the road ahead is determined based on the statistical experience
of road material and peak friction coefficient. The test results show that the proposed algorithm achieves road type
recognition accuracy of over 99.3%, with an average running cycle of 55ms, enabling real-time and high-precision
estimation of the road peak friction coefficient.

Keywords: road friction coefficient; LiDAR point cloud; cloth simulation filtering; RANSAC;

deep neural network; Gaussian filtering; road type recognition

* A B R B I51(20220301009GX) H AR AL AL FT 4 R A BU TR SR I H (523942611) Rl pRag B4 & i3l
i H (202302013) %0 .

JEARUSCE H BTk 2024 4E 05 7 11 H B2 1) H 112 2024 4£ 06 J1 24 H .

WAEVES =, 2047 , 1+, E-mail : gaozh@jlu. edu. cn,



2024(Vol.46) No.10

BT A5 T BRI 7 T B 2R U Tk it

- 1843 -

il

F 325 5 R e v, i 1 B 2 2 20 (road friction
coefficient ) 1 TFE B B I T 22400 110 D 3R R I Fn sl 285
el BICH . BEE TR A S B BBOR I &S
e Ko, FHAT B 1% S TET B v B S 2 S5 ) LA B T 32
PR A 2 AR BAR BRI o Ay I XX SRR
T A DB R G R LA S A R T AT
P SEE SR RE T Rk RE R AT B =X B
THT WP B 2R it O vk

1% 458 5 T RN 2 2R 500 3 vk 3 e A 5 B T R
A ARBOHC B G080 ) 2 Y, JF 258 RS WL 25
PO BT A BB AR FERET
T I 50 G B A A B g 2 e AR S R 8 T PR AR A
FEIH 0 DL ARIR S WO S8 46 R OR =2 8
PR IR SR A BRIR S U O 3
Gt

X BEAb IR T DI E 251 T v Al T
Pk 2R 0, (L RC T A ol g (6 L TE 10 2 A sl s B &R
&8 ML ] R GERY 5 5K < X 887 B A7 AE I 8] HiF )5 [7)
A R RS B R C A 193l AR TorE UA
T 5 T8 (8 R R 1) B 28 2805 I A3k 2 1y 2 200t A
Z RN Z5 A | 3k SRR AR AR TR AT B b i T Bl
AL 30 & 5t (anti-lock braking system, ABS) .H T
Fa i€ #2 7 (electronic stability program , ESP )% 22 4t 1)
I ANBEMEfR A .

A A B0 Bk R G EL A I BB E R A
RUREPEINAIRE ) R AT 14 s T R Ah ™ FR1%
S IR R IR ) SR AR FE R B T S A
TEMEER bt — AR T R TR G R s BEE
HILA AL D8 FHR JBE 27 21 1) % , 3 4 8 5 1 1L o AR
TR IR AT i T2 B R 5 R Herp i 2 BTy
o FETRUGE Y 5T LS IR e A B2 1 % 1T 0S8
2 AR Sy — R g U vk BT Y
T3V 320G MR W B R, T AR 18] TG 't G % | Y R
B YGRS T SE U I BE 2352 B E
BEAh, G AE D — 4l Jois R I (5 R, E
PERCH AR Sk AT IR B S A A B oK

5T B H L BOGTR I8 B R Z A O IR
s Bl B AR ARG A B B E BRIt . BEE B
TIRHAR AW A BRI, CAER %
RIS AN o O TR B S S TEAN R 4 BRI

REFE BT E 5 2 B AR P R AR 7,
R 3 2 2 S AT DA MM X 53 I RTS8, A 3 %
T B A R A0, 3 A o Bk B 2 F 9 3 B T O R Ik
S FREEA T I T S BN I R AT

2019 4F [A] 5 R 5 RE R A5 48 ) R T OG TR 5
ST N A T 53 2 07 1%, Ik A [ i T A Jo
(IO TR I8 RS R B 2 S, B T — A B TN R R
PR AR TR . 2021 4R ik R 46 iF — 20 5 3
TR —TJ5 ik, B AT R T O7 SR e 4
A TE % DL AR I T P VSO T TR S SR 5 B G A A A
ZH0, IR I N7 R B T RS JE 5 R Kullback—
Leibler fRE A1 S o B 4 A ARABLRE , 2545 BT 57
F14) 5 TR RS0 20 Y TR T 2 AR, 9K e 5 e o Fg o
#ZBUEE . 2023 4F Lin &2 H T —Fh 3 T
T IR 0 I T 2 AR 4 2 1 55 B 2 ) SRR T K
VT 4R B MR AE O TR 15 S 48 2 80 S I v s 2 (8 i
I NG ER T 98%., BLAM, i i 5% I H K-
VT 4R 592 (K—nearest neighbors , KNN ) #R 45 #0087 ik
(4 SR 345 XS BE DA T 0 28 ) —Fh Oy 24
WO IR 40 IR o Sebastian 55> 42 i T —
ol 1265 FR G AL g B 65 00 D RS0 O s K RO R
AR B ARG ER

H i T HOE /R A e B o 2 ke b, —
PRI TOG B 1K R = S 3R 2 S5 S 30 TR 5T O
oo BRERTHR BT, WOLER 1K 8 2 R 30E 32 B O
TR RE IR RS OCHAGT A 55 DR 520 5 A, 8% 18 B
JoT AL A B2 IS 52 el YO 7 38 S AR 38, 38 23 5 i)
I = B A A I EE T O A s il
A7 B% T AR — A5 I 22 b S il PR 2 1 A2 2 1]
R, AT O R A AL g SR X L T
XL IR A )L MM P T b A AERBERL  TUIRE
TR T I 0 4 A5 A B T DX, 3 X O S =
ASCI o ey A X LA 5 A B R, BT ARG DN %) T — 4>
e BBt BEXT X SE R R, A SCHR Y T —Fh
BT R R P 22 T 2 1 B T U B, S T e
DB SR VE AR T A SN R 2 e B B R R R s
W | AR5 75 R B RN SR A XAl T 45 A ok 1Y 5
M), K 5 T AR B0 B ) o hg AN [) DI, S R BB
fiE B T FH T AN [R]85 51
LT I T 2SR A VAR AR 3, e e AR A1 I T S A 5
i F B O 72 4R A 5 60 I DX 38 1 i 1T R A R
B

ARSCEMREEA A 1 s .



. 1844 - wOE T F 2024 4F (55 46 )5 10 )
. H e 2
i~ I s | -
s e P R L SR S | i
N ARSI T RANSACHIREAH 15 240 ST RIS HETFDNN iR 5
B Ak
Ay (R B T L) RIS e AL B PR R A
1 SCE 7k %Y ZED WH FRAG Sk ) A SR A B U (E B .
A SCAR A IR Orin $5 8 T A48 R 42 A 1 i
1.1 [E)SRHR S, Hi 2 GPC (IR AN #E% ) 2H 1Y, 51 GPC

AR SC B T ROG T I8 A o 3T 45 vk
% BRUE  R S VR AR S RIS ) 40
FEFNIE R BN X S R AR I T 20 ) 5
T R DL JUZSTE [ Xof B R A A R B R
H 3h72 3 R G p sk il AT PR A E . X T RO
K NIRRT T o SOSR YAy 22 VR
R 250 WA, AT AR X S B S
TS H R X 4
1.2 HEFXE

K H— i 3fe F ZE 08 R B0die RS- 5, &l 2 i
TN BUERAE TP d H—1 80 2k RoboSense G TR ik
YER ETIS, A H AP 0.1° KMo e
0. 17, K J5 [ FOV 1 BE 5 [k 0°~360° , 3 EL T
[i) B4 A 3V B A —25°~157 , 22 i N 1.8 mo
F A ER R R AL B R, EHOLH S
FE B A BT WA R B, J0 k) 42 R L i
KA, R TE PN £ T 21 32 2k RoboSence
WEEIL, HAKCE 710 FOV £ BE 5 R 0°~360° , T
BT W FOV £ &35 [l o 0°~90°, K ff1 43 HEF N
0. 1°, M HRN2.81°7,

M2 BERAETA

£ 5 44 TPC (SRR B ) , B4 TPC H 24> SM (Ui
b PRES ) . BT A 2 048 1~ CUDA Core Fil 64
> Tensor Core , AIRJE 2 > FIL B T B I 44IE

B R AL XU AR T T XGE B, TR 55 2024 45
1 H 5202447 3 A AL (450K 00T A 2% i A+
S R I I T DA SR R T, R R k1
FIim o

®1 BRBEARAYE

el YIRS S I ARl
R 36 457 9914
TR 38962 9741
TRBE L P& 1A 55710 13 927
SEUK T 43960 10 990
TP AT 40 350 10 087

1.3 BEAZREN

JE AR O ER 5 R A AR K 5 B R I 55T
KM BTN RCR , Al 35 S ), 200 Skt
T8 3% 5 INEIR s R SR U R . FEIR IR s B
A g XSl PR AR S A A S ) A i
b TAT 71738 DX SR Ak 7 T T b, L 3 T ) R
HFE S IR AR SO S FE T A RHR U D8 U (cloth
simulation filtering, CSF) £ B 1 5 2, R 5 3L T
Bl Bt A — 3 5 7% (random sample consensus,
RANSAC) & HUH I A1 2=
1301 BET AR L s I8k 174 3 i 412 H

AT R HASTADLIE T B ks 2 — o 3 o A7 e e AR A 3
e E T R e AR A R I B . R AR
SR AL FR R PR H 240D e I 2 e . B
2 SO R AR s BT B SRR B A — D R
L0008 I AR, 32 A1 R AT LATE 5 0 AR T T B w7



2024(Vol.46) No.10

BT A5 T BRI 7 T B 2R U Tk it - 1845 -

PR bRz RS E B IR i s b e
IR RET SRR BAE DR A AR Y S
L BRHEALE , I A EHE R ED Ry LI IR
Fo S T8 A A AR VO s 30 A B A ek it T 2 R Y
P 555 TR B I ) DA/ D, S 0 T A ) 4R

AR SO Fe 8 S ML A SR R
— RV TR, B R BA 25 (B A (x, y, 2)
FNNE R AL ko AR TR FLIR 2380 2 b7 [1] (14 A
HAEM IR YERE

S AR AR b TR s B VE R B E LA
RERE PRAL E, IZ PR i 1 AR S SR = 2
[ (R B G 22 S LA R AT R B R S B A

E=2wd-d(pi,5)2+wr'r(p,;) (1)

K p, FoRATEL LRSS i R SRR S B T
=z 3d(p,, S) TR p, BI S ML 5 2= S 1 25 o
e, Hat 5 A =0 (2) iR s r(p,) S b0 7 p, B AR
B PREL, AN SO B AR R 1 R AR SRS RE A AR, HE
HEARINE () iR o, o, AU 250 HTF
AR5 P05 TR 1 DU Ak

d(p,S) =
min [(x, = x) + (v =y P +(z - 57 (2)
rp)= > k(= dyy (3)
J € neighbors(i)

kA B 8 B B pR B E dre /MBI AR R R A
KRR R R L . R h AR R
PRI TR R0 B R IRV A B0 B T 1)
FUHTRL T 07

pit=pi—a-VE(p) (4)
U p R AR R T p, BN E s o R 2E ) R
P AR EB A A K VE (p!) 2 RE BBV BE 7 pl b
PRI

3 3o AN U 2 AR TR 0 037, L F) A e PR AL
E RS Jey 50 dne /MBS R TR 45 1k 2. M A
Rk FIREARAS S, v LA K 5 A Bk 107 B
R 0 05 = BE R T 0 2 o ARG I 15
I {5 s i = e 5 A bR B A T LA, DT
PEMCH HLTT 2o MBI S = BB W E 3 i o
1.3.2 T RANSAC 4 8% T X B3 B

FE T A AL U SR vk B B b T DX el 5
T DX 3 AN A 5% T XA, G iR 2 AR X AR IE
SR HERR M, T B — 20 DK AT A 2 v B IR 1T
X3, T RANSAC 3 7L B AT S FetFnim Ao 5L

Y/m _50 -50
3 b AR IR G

THRRCR T A, PRI A SO T RANSAC SEHL T
O T T B T DX IR
RANSAC 535 B O AE T3l L BEALRFE 2 = rh
() s RA T AR RS, B R BRI 1 —
P1s Do P JUSFTHT A 325 1) 22 n AR o 1T 308 2o 1) 2 119
SCRURLERLUE A
n=(p,—p)x(ps—p))
d=-n-p,
A xR A BIF R R AN BE B 15
BN i 0 FEHEE &5, 8= P AT RS p, B0 T 1E 1

(5)

P d, n]ad i R AR
_n - p, +dl
"l “

| n || FRR L 1 R n YR A SCE 1 HU A% S 5
ST AR RS E BRI RN R R K S B A
PR CRIV S T ) AN AP CRIE S TR ) o 220d 2Rk
AR S 53 N P S5 L, M TS AR LA 6 19
SRS AT TSR e TR 45 R A 4 BT o

Y/m _50 50

B4 BEERILE
S 2 R, LT RANSAC A 306 5 ik B ii

YU J7 05 BAT v 1) R A e R 5 e e L g S92 Ik
Yoo eI R ALY %07 R RE AT ROt iR



. 1846 - "o TR 2024 4F (55 46 45 )45 10 1)
oI H (% v X H 36 N 55 S BT
1.3.3 KT i o O30 v 1) 6 1 s D O - 0, o.<1 (1)

FESEBR I IE e rh , SRR /D R ASE AR R
AL EEZE R X S X IR TE I o m RR UE L (e AT A
J57 5 BTN ], 58 2 S5 3 RN e R o3 A R AN [
T B 2 AR B TR, LR s AL S PR
AT a1 e BE R AR AR AR SR AR B 2 X
SRS S ARKES . FILHET RANSACH
T IR (1) 5 T 05T 2 S R 6 TR DX 2 T e
= IR G, BT A = 0 BE R % ek 80T B (7))
TR

plx) = 29% (xlw,, o)) (7)

KN (xlwy, o) A EA = oA I RESR %
100 80
80 70
60 60
%40 .‘ .. & 50
= 20 .O 40
0, 30
S“Q\vsm 0
%,}O \‘\\\\ \‘.‘5 \, 1 \ 10

30 35 / 40 45 50
5 TRARME S S T =
Ry T I3 3k BB W () 5], AR S LT e T U
=R7

fie B TR ¢ MR N R B A = A P =
[Pl,Pz,ng---,p,,], X‘T :J: ;H\: EF' ﬁ /I\ ﬁ TE ){_\:':
Py (s o 20 1), FER ST 3R 1 9B DS IS M 1 7T 7R N

- 2 S6, (8)
S NI RS B R 2 A 15k I

R BEIE S 1, SN S B B G () R e BT R
B, HRIBA R
1 i
G(j)= 2 (9)
RU =

FEAT 2 UE BRI 5, A Sl 1 H R JUR i A
B R IE I (208 (4 5 22 A I 57 o BRJR L T

(SR A= N T= R PR~ SURD O e Bl £ e G 1
pi(xi’yi,zn 11)9;H;fi§j‘$§£§&ﬂ%%ﬂ—:\‘y‘7
=|1-1i (10)

0.95u,, o.,21
K, WIREIE ;o WAk ZETT .
1.3.4  GH D) o
WOLEIRTER BOF- 1 Y A = SO 3R IR TE S

GYARET TR BRI AR B SR 5 0 O B Ok R R

SRR S [FRES TR AS TR 2SR IO T A
SR TT 250 3 22 5, AN [R) B T 7E ] — BE 25
A P 2E S DRI SO R AR e R S
VTR 73 AN ) 18 DA T B T Ul o S ORAIE R X
B g R TR A A, AR SO T TR
[7i) 28 75 ff 1A A A, 2 % R SR DML, LS R N TR 6
B

140
I K e 1

120+ et
COZhvKkim

100 e 1 e
/K e i

£

%ﬁ 80

i 60

40

Il

0 5 10 15 20 25 30 35 40 45 50
x/m

6 REWESHELR

PR AR R o 2 S O RIS TR AR AR
BFITR N O . BlR AT R BRI O &
IRANEAE e AT PR 225 T 238 32 R Ab H /s,
20 m N o EFRIBANE R IR EN, S
773X 220 m A I 5 2 B KT 20 m AR Y

20

90

15 “
10 o
SN 60

g T i / 50

£ 0 ) | )

" B3 W. // 40
.= m’ n~~ 30
_10pREER %»’M 0/1‘?&:/,4"/‘ e W
15 0
-20 . . . . . . . . . ;

55 0 5 10 15 20 25 30 35 40 45
x/m

K7 BN



2024(Vol.46) No.10

BT A5 T BRI 7 T B 2R U Tk it

- 1847 -

M.

i P 6 T, B B KT 40 miF, 5 = B RE /N,
AR DIAER T3 85 = AR R, R I AR S azs sl
R 40 m.

Shy SIZ B B () 6 T DX IR A, AR SO TR AR Y
G EE 4390 % AS [ Jal 3 HE 5 Ad T 45 KBS =3
B AT e, A R 8 i .

0717 .
ol N S e ™ S S
6 e
4_\.._‘.“
< 2l \'_\..: .....................................
o YA TN pane™Sy
\ J ~ 2
“2f[=-=Ad=lm| N
_gb] Ad=2 m SN P
Ad=5 m y \
-6+ Ad=10 m "/ ‘;_'/~_~\ R
posseers Ad=20 m -
-8 L 1 I L I 1 L )
0 5 10 15 20 25 30 35 40
x/m

K8 AIal o BIHHES T 5 B X L

8 i A s S AR ANTR] Ad T FLAE
DX 3k N A0 5 Y 2 B O 5 BB A RO
Ad 3 1,2.5,10,20 m I}, 40 m &b 55 25 ~F- 8 i 43 Jil)
40.003 6,0.027,12.3,136. 711 161. 7. Ad H 10
120 m i s 2 BCRBOR , B ST R T 20 m iy
G ) ] R DR ME A ST K7 B 1T LA 10 m Ay B0
PEAT X 53, AEL 9 BTz, K i 1T DX 3skcda 53O 44
DI

K9 TE SR ARG X I 73

1.4 %F{EIZEY

58 W B DR B AT 23 J5 20 A TR Ak 35
PAFRHEEAE , 15 S0 s = B h e R AE 1)

bSO T XS A 2R R SR R e 1A
FARAERR MR SN R I e B R s MR —
FEIEAE 5 X T R34 18 [ DX, DX PN 05 10 OB 38 47
AR, AT DL i o S R e AT
2% o VBN —ALTE BARAAE ;X T35 Hb L 245 vk it i 45 52 2%
HEREOL, S o A S SR T TR EE K m 2
Al 5, AR SORE XN A8 2 e B 2 ., F
J7 2% o AFRFHIE s BAk , B B 6 7145 O [ ZE R B i

FEA IR B T A5 = % B 35 25 57, PR AR SO A
R p MER— L

25 bR, AR SCHE R TRRRAE 1) 1R

x=|:s,,u,a',,uz,0'z,p] (12)
1.5 ETREWMEMEHEEEREIRF

AR SCHE T TR P 25 I 28 AR AR R ) g X6 1 1T 2
P2 ML 6 A B2 A 1A 2 4Lk, an
B 10 7R o B2 1538 PRECER 1 B0 — 1 Relu PR
B A M 2 oC R 73 I 16.16.32.32., 16 Fll
16, % )2 BT sREIH ) Softmax , I th VR
FEAN ST L M

e 58 2
Relu  Relu Relu

N Ll =

PPl
l:d l;a l}*» lsa l:s

Xm0, X, W > W5

K10 BT M TR BE 2 M 4578 R

SR RO FE A0 B (SCG ) 2 ) A% 16 58076 X6 19X 4%
AT T Ak, SCGJ&—FhHLHush B L (CGA) AR
b BT RZE CCAX RUGERI T &, Fr LA
ARSI R IR e PR R . s iRax
— [, A SC i T B A KR HLEI Y SCG.
SCG Y HEAS AR K 38 S A% — B 5 R vk rh (1
F R —(EAE X I 7k 5 CCA &S Ak . ik, A
SCAH SCG A A2 m)

7E DNN 38 2o e /Mb H AR £ 5 0 28 1 26 i
2z A R ZE R AT IO . YIZREE i 158 22 pR Bl m T
DU R :

E=f(x; 0)-T (13)
K fws 0) PG MR T bR &5 s ;2 0
VEELAY R AE ) 55 0 M M 48 S50, TR
28 B R PR 24107 154 25 (MSE ) pR %Y, B

n-N,
L= > (EI)TE1+1||9||§ (14)
sz:(n—l)/v,,n 2

A n AN, AR R S RN
B 1A S5 ARSI T IE NSRS 30 L° 2800

BOES M SH0, D0 L BIMSE M. RUF R
FSCG Bt XU I Rt 2 5 AT B T



- 1848 -

HoF T R

2024 4F (45 46 )45 10 1)

0'=6""+y'V'L (15)
Ay A v o S e, AR K SCER[ 18 v
HSEITEAR S dE A R AT DAAS B R 2 B
SHH

0" = arg rrbm (L' (f(x,0),T)) (16)

TEAT AP G5 A5, AT LK B T b T Bl 555 2
BRI EAE L RAE . AR HE SR 17 1R Sk
(28], AR S rp 45 i T (1 B 5 2R 8526 2 BT

K2 BEXBMMERBXE
jitidin) Tk | k¥ | REEL Mz £/
257 iz} 31} X 91} jiZgin) fiZgin]
[fl5 2% | 0.55~0.8 | 0.45~0.7 | 0.55~0. 8 | 0. 2~0.45 | 0. 1~0. 2

2 BVLEAE

SR B UEAR SR H B0 0 A 3 AR S s, AR S
RS R B AT T R SRS AT
T RORG B SR SR E
2.1 SEBERWIE

Shy B E JIT 1 R B A AR L e e R I
AR AT IR B P 2 N L, DI B 2 7Y
AL HE R I 5% T TR I T RS ST L 4 K i v A
VI R PR YO B T R AR
T, 225 VKB T 702 SRy R 43 DX 3 s oK ) B T, R
M ot FEnE 11 iR, E R IR E], M
2 35 I 2 T A 0 K 320 T R, e Hp 300 [
A 25 40 2R AR, 2 Je R e, 7R I 8 R
INF, 3525 (BN SO BN 0. 7 5 W 2843 S0K5 1 i 1)1 242 ]
A HK B T TEET 400 FIARE EE EAHR, 2 5
WS, YN 2 &5 I o RS B N 50% $2 Tt 3
99. 3%, AT LA S IR MERA % 11 7325

1207 = - - ; 1100
100{ 190
180
80
170 R
o0 B
= 60 42
40 150
20 140
I POl A

heeet - 30
1200 1600 2 000
Epoch

0 400 800

P12 43 2 A0 23 N AR A 24

5 Bl i B A 1E] S S 5] D 99. 41% . 99. 0%
100% .96. 03% . 100%. 3 [l 55 S AR AU 1 fffy Tl
W IEZE B FEA KL (true positives, TP) (5 BT A 52 B A
TERIFEAREL (true positives + false negatives, FN) ¥
et A RA AN

TP
Recall = m ( 17)

SR BSUE SR AE AN R BE BT AR IR B AR SO
T YGEAE 23 BB AIE T 4 /R0 DX i U AR L iR
SIURGEE W 12 7 o ASTRIRE R 09 5 R R VS
FEREINE 13 FiR o

102

100+

P12 TR 425l T SRS 2

x=20m

100 100
80 g, 80
60 17 60
40 Ef X 40
20 ' 20
0 1 2 3 4 0

ST S

x=40m
100 | 100
80 gy, 80
60 3 60
40 40
20 20
0 5 0

1 2 3 4
IEEEN

P13 AT v 7 S TRV

FT I 12 MR 13 ), ki 1 24 B S JE BE AG
0 BEE AT T A AE (F HG A AR R ORS R KR R T
98. 2% , .4 e kg BE TR B T R B A BE 7 o A B
SRS B f AR SCHR A SRR 5 Sk 23 ] A SRk
[17 B 10 0 2 WY B0k BEAT 1 PR BEXS HE, e 3T



2024(Vol.46) No.10

BT A5 T BRI 7 T B 2R U Tk it - 1849 -

mk[ 23 1A Kullback Leibler #E ZAFMOG TR 14 &

23 S5 R B A AR ARL R 2 A T S A U] jCﬁﬂE
[ 17 ] rp 35 B e 2 42 ) 246 308 o PR L 001) 6 T 2%
B XS M R ANER 3 s .

x3 BEBEXL

Ak ARSI k[ 23 A k[ 175k

K 1% 99.3 88.8 94. 49

FH 2% 3 A1, AR SCHE R 9 AR LU A P AR
7 R A I AR T
2.2 SHIREBERARIE

Sk WA AR BB T o 2= 5 T I % v I 1
B 53 A RS, A SO T i Wi Ak
FELNEE 14 PR A4S 5 RS0k B S 2 AL 3 B p
20 I8 B bl v ORI 0 RIOCR i 1E 15
Fim

@i ®)1,

e '--}r-n:m e V V/
ST Wl
(b)stz v » x/‘r‘r(l)

K15 BT i Bl i) i 2= M 4 B

P R 15 B MR s SRR S (R v 0T dpl B vl
DIA R i e 1 Pl bR 2 A DX R Y e
5 B, SR BR T A5 2 O VERR BRI . A HO e v S i O
AR X AR S % A T G ) B R Al
I E (4 I 2R 8 AR AR I 2 T — A AR v 30 0 I
SRR B = AT AL R4 SRR | 5 B 1T 1) A9 ] 3
435124 99. 08% .98. 06% .99. 9% .95. 28% . 100% ,

ANTR) DX 3 P 9 0 2R BE AR 16 T

102

A 16 g 07k AR
ANFIEES T BRGNP 17 B o

x=10m x=20m

P17 T s e B TR IR A R

2 P AE AN [R) B BT (912223 RS BE X e
P18 i o

101

- 99.77%
100 99.63%

99.02% 99.05%

& 99F
iﬁ% 98.22% 08.160% 28-26%
) 97.75%
97+
96 n
10 20 30 40 0

B 18 2 FRREY i 7 SR I LA



- 1850 -

oA TR

2024 4F (45 46 )45 10 1)

FH N2 SR nT DL B, A v 30 D i G5 A
RIYEARTRIFE 25T 5 B0 I 28 R0 53 24 55 P i R I 4T
T TG = W B YA A PP R 1 o RS B AR v <
10 m Y [l N 25 580N FE x> 10 m Y N 22 580K,
R R ZE AN A B AR T < 10 m i
W = B R BRI T MRS s TE S s S i e i)
2.3 ELEMK

T SCRT IR 19 BT A 25 40 5 T x86 424 iy 11 5%
B, Ry 56 UE B S 230 o 0 SR P R RS e e, (o
535 Orin THEHUIFHEAT T 04500, S 4200 38 40t
WA 2 FroR o S 40037 S A 46 T A i i AR

250 TAT TR RE S IR 8 DK B T R T AT e T, U
TR R 40 s, JO06 TR 35 5 2 K5 A R 100 ms,
R R 40025,

19 IR T 45 PP i TR AEAS IR BE B R B
BRI, TR (1) (6) (11) . (16) 7515
7T A B8 T TE 2 10.20.30.40 m FEBS 1 & &
B, HAth % T B R B AR RLAL A SRR o S 420
B ] S I 1) T SR G A R 4 BB T A
5 TRV 56 1 S TR B v, 1A L B4 A1, 7
35 VK TR A I LU ) L A B TR L X 5 2. 11
A R TR 2 SR AR AT

oKV BT LE VK THT TRBE L B A TRk IR B
10 1.0 1.0y 1.0, 1.0
h\i’(‘ 1 I e —
=10m 4205 0.5 0.5 0.5 0.5
= [
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 O 10 20 30 40 0 10 20 30 40
1) (2) 3) @) ©®)
=10 1.0 1.0; 1.0, 1.0
x=20m ;“g 05 0.5 05 05 L 05
= |
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
6) (7 @®) 9 (10)
10 1.0 1.0; 1.0 1.0
=30m 4205 0.5, 0.5 0.5 0.5
= |
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
an 12) (13) (14) (15)
ﬁ 1.0 1.0 10| 1.0 1.0
x=40m ﬁo.s 0.5 05 05| - L 05
= ] |
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 O 10 20 30 40 0 10 20 30 40
(16) 17) (13) (19) (20)
B[] /s Hsf [l /s st /s I [a] /s i) /s

B 19 25l i B 28 20 iah

R G HEAT T SRR S, Bk 9L A
BT A 4 frs

SERPEINRES SRR, L BT A 55 ms,
INTFHOEH K Kz 5] 100 ms, AT RLSEELSE

®4 HiFiETEH

ms
REGA | SISO | IS |
| TSR | ST
100 30 25 55

E1T,

BT TR R E AT T RS R
TS A O B0 E 45 5 R AR SCHR A vk
S 4443 2K BE AT 3k 99. 3%, ] LA 52 R i kG FE 1% 1 43
J& 0 TG o 3T 00 U0 ) R G B A 98. 88% , 3X U I N
AT EE T DA SR TR R . S 422
FE AR SCHE Y B B AE AT TR /N T 30 R K B
Kot R0, T DUSE PSS , FLSE PRy AR Sk
JE DR ARR — B



2024(Vol.46) No.10

BT A5 T BRI 7 T B 2R U Tk it

- 1851 -

BN 11 Bl B 2R G v g T R A 2R 0 R SR
)AL, 4 T — i T 4 O R I8 B TR R AR
BARLAIT Ik o B M EOL T R B R IRA
FOAL TR, it IF S T R B SR 5 ) 2% T
RN 5 A R AR IR SRR ik
T 22 b i i S 1Y U0 B 99. 3% , K1z
F1 AR 55 ms, it SRR o R ALRE
% 13Xk 2278 B B0 L I BERS O I 5072 B A A 2 4t
WE P 9 B TR R A 5, AT S8 25 B T e SRR ) A
AR LA S A SR

W HOL H BB YRR 8 MUSAS 1) it — 25
WA, WO 0 2 [ 32 B 22 R TS AR A % ThD
T o BeAh, TR 7 S AR B AN W I AL PRk
RCR BRI R (875 8k 180 RS 25 28 A S o fy A
P ARRIIBIETETT 1] AT LAGLAE - 20488 25 1 Tt £
PRl 2 A RO T IR BBk AL OME IR S 2
e IR A , LA S B BT 2 1A ) e v DR R 5 SR
PEVEARTT, BERXTRE V55 AR 5 RS N BB
BEE FR B T, 3 S0 1) M M A N s R
PORE I 358, 75 PEF AN (] 11X ff T B R 24 470K B0
022 57, WF 5T 300 92 A BE 1 R o7 1t L RE 8
Uy M e 55 AN [R) s X8y 1 3072 Sl A B o R R
R B A T, 53 e A 1 T S B 3 T AR R
S T A AR B s AR AL L, O F B S B R G iR
PRI B A P A5 S

M K LA ST AR B RE g i — 2P 4R T A 8
2B R G R ARG T RPERE, D9 S A R
FPIE R A B B i AT PR R S PR S

&% ik

(1] =ud, ke s, BRde, 4. B (e G R BN LT
[J] IR TR, 2017,39(11): 1268-1273.

YUAN C C, ZHANG L F, CHEN L, et al. Research on identifi-
cation algorithm of road peak friction coefficient [J]. Automotive
Engineering, 2017, 39(11): 1268-1273.

[2] ZHAOT,HEJ,LV]J, etal. A comprehensive implementation of
road surface classification for vehicle driving assistance: dataset,
models, and deployment [J]. IEEE Transactions on Intelligent
Transportation Systems, 2023,24(8) : 8361-8370.

[3] ZHANGRY, FENGY L, SHIP C, et al. Tire-road friction coef-
ficient estimation for distributed drive electric vehicles using

PMSM sensorless control [J]. TEEE Transactions on Vehicular

[4]

(7]

[12]

Technology, 2023,72(7): 8672-8685.

e T, DRI, A, SF L A S B 42 A B K TR
ARAEAGTT] R4 TR, 2016,38(2): 216-220.

GAO B L, CHEN H, XIE S G, et al. Integrated estimation of dis-
tributed electric vehicle speed and road friction coefficient [J].
Automotive Engineering, 2016, 38(2): 216-220.

CHENG Q, CORREA-VICTORINO A, CHARARA A. A new
nonlinear observer using unscented Kalman filter to estimate side-
slip angle, lateral tire road forces and tire road friction coefficient
[C].IEEE, 2011.

ZEN, fRIAR . TAROC, 45 BT R BUR AR 2 s P ZE 4k
&5 W B BB ] R E R (BORFEE ), 2015, 45
(4): 403-414.

LIG, XIER C, WEISY, et al. Estimation of vehicle state and
road friction coefficient based on dual-volume Kalman filter ] ].
Science China (Technological Sciences) , 2015, 45 (4) :
403-414.

RBHE, axik, Vo, A 5 A IR A 1R 1 43 A UK S Ha Bl
VR B TR A 2R 0 R AT R LT ] AR AR 441, 2020,
56(18): 123-133.

XIONG L, JIN D, LENG B, et al. An adaptive estimation meth-
od for road friction coefficient of distributed drive electric vehicles
considering complex excitation conditions[J]. Journal of Mechani-
cal Engineering, 2020, 56(18): 123-133.

CASSELGREN J, ROSENDAHL S, SJODAHL M, et al. Road
condition analysis using NIR illumination and compensating for
surrounding light [J]. Optics and Lasers in Engineering, 2016,
77: 175-182.

NOLTE M, KISTER N, MAURER M. Assessment of deep convo-
lutional neural networks for road surface classification [ C]. Ttha-
ca: IEEE, 2018.

YANG H, JANG H, JEONG D. Detection algorithm for road sur-
face condition using wavelet packet transform and SVM [C].
IEEE, 2013.

SABANOVIC E, ZURAULIS V, PRENTKOVSKIS O, et al.
Identification of road—surface type using deep neural networks for
friction coefficient estimation[J ]. Sensors, 2020,20(3): 612.
ZHAO J, WU H, CHEN L. Road surface state recognition based
on SVM optimization and image segmentation processing[ J |. Jour-
nal of Advanced Transportation, 2017,2017: 1-21.

I, SO, BRIR, A T SR R 2K 1 B T AR 5
PRI DRI [T ). 154 TR, 2021,43(4) : 485-491.

WANG H, CAI B X, CAI'Y F, et al. Detection of road surface
waterlogging and wet slippery areas based on semantic segmenta-
tion network [J]. Automotive Engineering, 2021, 43 (4) :
485-491.

HOLZMANN F, BELLINO M, SIEGWART R, et al. Predictive
estimation of the road-tire friction coefficient [C]. 2006 IEEE
Conference on Computer Aided Control System Design, 2006
IEEE International Conference on Control Applications, 2006

IEEE International Symposium on Intelligent Control, Munich,



- 1852 -

oA TR

2024 4F (45 46 )45 10 1)

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Germany, 2006: 885-890.

AR, A RETN, 45 TROGTEIAMIC A A B I I
FHAG ] AR PR R R 2 R (A R0 L 2019, 47
(7): 124-127.

YU Z P, ZENG D Q, XIONG L, et al. Estimation of road friction
coefficient for autonomous vehicles based on LiDAR [J]. Journal
of Huazhong University of Science and Technology (Natural Sci-
ence Edition), 2019, 47(7): 124-127.

HAN Z, LIU W, GAO Z, et al. A method for real-time road sur-
face identification of intelligent tire systems based on random con-
volutional kernel neural network[ J |. IEEE Transactions on Intelli-
gent Vehicles, 2024: 1-15.

GUO H, ZHAO X, LIU J, et al. A fusion estimation of the peak
tire—road friction coefficient based on road images and dynamic
information [J]. Mechanical Systems and Signal Processing,
2023,189: 110029.

JRESCHI . Z2 U5 B RS % T R BT AR D] £
FKIE: AR ERRIE R, 2021.

TUO W K. Research on road friction coefficient estimation algo-
rithm based on multi-source information fusion [D]. Shijia-
zhuang: Shijiazhuang Tiedao University, 2021.

SR, AT, TR, A5 JETIER IS 3 T 2 Rl 0
TR 2R B A D7k D). 14 TR, 2023, 45(7) ¢ 1222-
1234, 1262.

ZHANG L, GUAN K R, DING X L, et al. Road friction coeffi-
cient estimation method based on image recognition and dynamics
fusion[J]. Automotive Engineering, 2023, 45(7): 1222-1234,
1262.

FRRE LT R AR SRR A Y R B B R BT EE
[D]. Z & M, 2022

YUAN R X. Research on road friction coefficient estimation
based on image information and vehicle status[ D ]. Qinhuangdao:
Yanshan University, 2022.

XIEL L WE S Bl ) 215 SR R e A 1 B AR A T
[D] KA FM, 2021

(355 1841 10)

[15]

HU C F, ZHAO L X. Overtaking control strategy based on model
predictive control with varying horizon for unmanned ground vehi-
cle[J]. Proceedings of the Institution of Mechanical Engineers,
Part D: Journal of Automobile Engineering, 2021, 235 (1) :
78-92.

[25]

[27]

LIU H. Estimation of road friction coefficient for intelligent vehi-
cles based on the fusion of vision and dynamics information [ D ].
Changchun: Jilin University, 2021.

KASHANI A, OLSEN M, PARRISH C, et al. A review of LI-
DAR radiometric processing: from Ad Hoc intensity correction to
rigorous radiometric calibration [J]. Sensors, 2015, 15 (11) :
28099-28128.

PRINIR , Vi, Ay, 45 FE TR0 IO o BE R 1 R VR
AT Ir R [T] [R5 RS2 4 CHARFEA D L 2021, 49
(21): 141-147.

HOU X C, LENG B, ZENG D Q, et al. Road surface estimation
method for intelligent vehicles based on laser reflection intensity
characteristics [J]. Journal of Tongji University (Natural Sci-
ence), 2021, 49(z1): 141-147.

LIU B, ZHAO D, ZHANG H. Road classification using 3D Li-
DAR sensor on vehicle[]]. Measurement Science & Technology,
2023,34(6): 65201.

HEINZLER R, SCHINDLER P, SEEKIRCHER J, et al. Weath-
er influence and classification with automotive lidar sensors [ C].
2019 IEEE Intelligent Vehicles Symposium (IV) , Paris,
France, 2019: 1527-1534.

SEBASTIAN G, VATTEM T, LUKIC L, et al. Range weather net
for LIDAR-only weather and road condition classification [cl.
2021 IEEE Intelligent Vehicles Symposium (IV) , Nagoya, Ja-
pan, 2021.

W, IRACE, B0, . A = RO S R A
HEL) ] ZE 58l A eyl 2017,19(10) : 85-90.

HAND B, XU Y C, LI H, et al. Calibration of 3D LiDAR reflec-
tion intensity for unmanned vehicles[ J]. Journal of Military Trans-
portation University, 2017, 19(10): 85-90.

ML, ARIR R RGN ML 2 R AU AT HUBR T A
#t, 2017 385.

YU F, LIN Y. Vehicle system dynamics [M]. 2nd ed. Beijing:
China Machine Press, 2017: 385.

WANG H R, WANG Q D, CHEN W W, et al. Path tracking
based on model predictive control with variable predictive horizon
[J]. Transactions of the Institute of Measurement and Control,

2021, 43(12): 2676-2688.





