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Laser scanner

Laser beam

Obstacle on the ground . .
= Mobile vehicle
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B 1 2.5 #ESHRE
Figure 1 Obtaining the 2.5D information
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I FHEATRA (B oK) IR R BN A, SR E ML A T B IR KB A

I EERGFAT — DR R M AL R AT ZEHI R H e 3T TUAR B, RENS FH NI e o 5
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Figure 2 Relationship between ¢; and v
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EX 1 AR X, e AT I AR KT AR RS DX 7B X, FRO <SS
FAIX7.

EX 2 {EREANER X T, A S BARKCT A A AR RS X 7 B X, A Il e X

Bl 3 4R T MRS 180 FEY LREF HHfmirh, ARIThReH XA E R, 75 “SHmX” i,
) 2.5 4E(E R (BUFR R FE I ME B AR AR 78 <HR IR X b BT AR EE 5 Y B T
KB —5E S IR A S e BRI R, FRATT B AR A B TR IR ) £ B R4S H R S AR H R B A
B EENIEA . b, PrCUB L RAE <SR X o SRR IS A R, IR IR X Sk B
DURIVE R, Bl G 24000 B A5 42 14D I T DA JE 0 5702 S 0Bt DX P BB 36300 25 R i 00 1) S L X ) 1 %

3.2 IIgEREEXEIRIS

7% T& B AN R Ry 1 T A4 5T LKA L A AN R a B8 0y, M b < i 2 Vr E JaE BLA )/ AR
A LA L A AVE A BERS AL . AT IR i B <M TRV RE R sl IR, ARk e
). <A VR A A SURIH L a8 IRl e ) P B ar i), B “HbTii PR (upper terrain
boundary, UTB) 1 “i[fi FBE” (lower terrain boundary, LTB) FL[F#fie (W&l 4), fEXI AR DI RE
Ja DX PR I R e A A AR .

X 3 Kb M i R BRSP4 T R AE s A, AR < pr_EBR” (upper terrain boundary).
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Figure 3 G-sector and I-sectors
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Figure 4 Finding the critical point

TEX 4 K B i [V e RS X 43 T ) G s BEA, YA “HBIETR B (lower terrain boundary).

4 S 3 b R A A T RO . P i 2R AR T, TR (kAR i B R, R gk
BT R PR R Sk R G RN IO IR N £k 5 Sk (8 B RIS ORI N SR AE TR O 1 L R
IS B[P TR . 2k (0 26 2 W IX U7 Sk A7 B I P R AT B T R FE LR (full scale range line). 7E
25 R 73 D RE B X B 7V 1, FATHRER > “lfn 5507 (critical point) FIE X.

EX 5 (R L, GBS OGRS ZO6 IR — & AN R Tl e B X 2 18] )34 52 1)
TRAS KL, YA “lif 55

D SR T — A AR A A B S RV A0 I 5 A il AR e M T R A8 . BRAE A T
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2. PrEL, B e R R S R BRAAS A, 1 ) 20 S et DX TN s DX )l 9 A

JAb, <UL R A HiuEn R = T DU AN R T DL (b, T AE) FEAT IR B, %
R A WUSE BAT IR SR G N, BATPREAESR 5 779 Pl FL AR (0 S 46 Rk B X — e

3.3 DIgeBXBIEN

SEIK TR D RE R DX AR ORI 2 S, AT AT DR REAN5% 2.5 ZEAR RS 40 B 3R AT AL BE,
SCHUREAY 2 GEFAH I A R T

3.3.1 “SMBEX” HWEH

CERUEDR B AR ARG 3 2k

1. Class-T: i FE AR I b i b PR 15000 2 A

2. Class-1T: sy SEAELAG T Ml [0 Z8/F DX 38 P () 4 N0 5 15

3. Class-TIT: =y BEAEAR T Hu i B 1414 I & e

AR 4 s R AN R Oy AT A B, 5, RIS S B, AT R %
JE T — MBI AR rymax. WG 1 ARG 0L, MU T LU R B2 SR 1
JCIN AL H T 8. SXRE R, RE S R e R PR R0 9% R EIAE i 5 A B0 2 1) £
I T AT PN, AH Y PR B R e 6 2 3t HR B T PR AS. R T R UE SRR DR ST, FRATT A B2 400 i d [X
(P35 TR /N DRI, FRAT TIE B M 3 v 4 6B /N ISR N B P B R A, 7 T
JERLH S RE S, A =R A A B R T LR 45

Va2 +y?, Class I;

My = < Ty_max, Class II; (9)

% -y/x? 4+ y?, Class III.

RTHS 1R, B R SORF R AR S RN B 1 i b i AR RS, B AT Range(v/22 + ¢2)
CIRDNER: 2 € QUEp)- £ ERE D) cEPHUER =R

XS 2 R, eI B AL T i A VR DX Py, B SOt A2 SO G BE AR I 2 13 Bk
HEM BT AL A M T R L A AT BB SER, A RANEREAG D), BT AFRATTIA N AR %4 10
R PR AR B, RS R B A R B BG40, RO P 1% A R U006 A

XS 3 R, JER EEE N T R R, MBSO LRF BRI T MR RRAT . 555 — 2R AN
(K1, BATABEHI L B B L BORAR 7B I RS . A DA LI (031 0 R0 S5 o [ e
WS — AR, 1AL o A ARG AN B B D PR IR AE, AN G e AR O, 2
FRAIXAN b )L LT B (R T T G AR MR B S 7 A TR I R AL ZR KT IR (R AR RIE B4 i 1
FrE), SUMBEIGY) <L T NS KL AR MEAE B 1 PRI 2, 0 Tl AL, AT Bk s
BT S BT, AT RE IR Z b, BATK BLRS Ry s %, BARL =B Al vk,

Wl 5, TAIH h FoR LRF @, o Rt B, 1 s PR, BOE MBS AE R0
S5 MBI R BRI RS mU B, MBI Zx B ZEAR K B, B SR 3 8 nt B SAIIEE oy, 25T BEL /22 492,
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¥
P
i \
L, i H
C % Scan point
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& 5 FREM=ARMETHTEMMEaL%
Figure 5 Estimating the position of the pit edge

3.3.2 “ENMEX” BEWY

FH LG A7 DX, S 000 DX P e Ak B AT SRR 22 DR M 0 DX P ) P A 0 A ek SR AL, TR
WG — A BRI RIT, AT SRAE R UL SR Y Tl A PR 2 B 42, ) FE e % e e 0 e
PR RERT R A B A5 L ez, WUIAE R UM 40 v P R AU R A R 7 1 B A R, s i TR 31 e
4. ARk S T

(10)

{ Va2 4y i 7 <ryomax;
my =

Tv—maxa lf r 2 rv—max~

AR ST DA JSE AR S A I A 7 R, A0 M XA R AU i A b, BT R 204
IR AR R, T2 AN T 0 S B I A

6 P TR E M, Hp st B PR BB 0.1 m, “HuE R E N —0.1
m. A AR R AR R A HEF L 4219t ] P s RSy — 30, e A St 4 PR I £ £
FETT I HER . P AT S BRAR /R T M A VR RV, o BV AR DX TR A 4 il A e e
TR REAT AR EE. AR 6(b) Hh, B RS R T ], 20 (0 AR R SR AT 1 Rl fUL 31 it
FEASCINA N B>, WA TR IR U, R an 41 hlit B 5 R 031 it P S R AT — kAT R
. BATRTLLR 2, Jgidh i rh, R i BEAR BAE M2V L Y0 Bl P PR30 RO K 22 1 T A e it
1340, TR BRAT R R AUt b P U E T 03X — 4 k.

4 SAIESRIEK

4.1 HAEBUREN M E B9k HY

5 VFH+ AN/, A EEAGIAE G SN A S IIANE ST I, FEA R b I SN AT
5K, T2 0 R — AR R R A BT [ R E — AN ORI B XK. A, AT (R 38 S A E X
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6 (a) PHRAEE LMBEES; (b) BRER

Figure 6 (a) The height information on the scan angle domain; (b) a reconstruction example

Current
scan point

Laser beam

B 7 REIRKERE XIS E R

Figure 7 Different strategies for determining the concerned angle area

BRSNS WAL 7(a) PR, AR RISGE MU [0, — 0o, 00 + o, o 0o BITHEITEINT:

DS’)”
Va = arctan( ) (11)

Ta

(BRI Al SR A 5 PR S A P X, JTCIRREAE R EE I R 1 5| e HLas N & A Ot i 4.
Bl 7(a) HBTS, WRBRAA) H BUAE R 2 B R AR KB DS AT, T 5 A B 5 PR ORI A P X I A T B
VIR, i RAT A %A T 1) AT, R JCVE R G T

TR RIZ ), BATIPE T CAA BfE SRS, Ittt 17— Mt () APF. B 7(b) /2
TXPOBT R E SRS K7 BB OBTSRIS 2) O 3 20 10, AT IR IO E SR 25— CAA [FRIE DX 4
5§52 30, R RIE DI IE KI5 A ZE AT X (04, 00 + pa] R [0 — @, 0al; 265 3 25, FERRS X Y i
AT AL R, W SR BSR40 1) 53 i DXl ) i DSk B O I DL, A CAA 37K, R e ik ok.
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PRI RSO, DA X O B HEAT B T 7(b) v, SR DR AR ST iy E X ) 71X
SR, 0 X IR TR U AR B G PR — AN I s A DX S SRR A P S X R e X
THEE, WK CAA ML SN oo + 0o TTER] 0, FAARIE RS T — AU 7s R

for (0 = 04 + @a; 0 < 180°%; 6, + +)
if (0b — @b < 00+ @a)
1 = bb; (12)
end
end.

Horb o FoRIES BE IR ZE ML T, o FEATHEN B R R DIREK AT, e B IO BE B A5 R
5 D, JLFWER):

DST'
wp = arctan( > (13)

Th
TSI P8 X B 5 SRS RE 0 JUS R i 4 i SE I e T P 5 | N B SRR ok, w1 T S f e

K, P T APF JRBERRASYIR Al Seth. T BRI RO, AR IR DX v A BEAN S AR 3Y)

SR ], AHRARAIY R AT LU BLAE < Ut DX R BE R CAA i, AT 14 B S LA 11 1.

4.2 BAEERE AYKEL

JBA ) APF AN ENLES NI Ak, R B ML A N AT RELH S, SXFE 42 0 5K
Brifplas Nz sz il AR AL . T35k, ESAR A B4 4R 4+ FUA LR e 2 LA AfE LI 32
(K. Ay 7 igp e P78 S A A PR i A, AT TR 07— ool P T P P S . SR T By
H 2 B ES HOA FR) LA R, AR A5 P e e 40 4 5 0 ek P i A J LA 2 2 TRV EAT I . O T #
P ] B UL, BATTREIX LA (7 4% 55 22 O (R AT B L. Zeddt 8 fa by AT LN (A 07, 0K
BEALR 7 FRLATL I S PS8 5 PR E . (I 3l P4 T SR s AR T 1 WL N e sl iy T E (Vi AEEAT
e AR ) 1 () I R EAT A R . RARR SR 1] 8 AP (KRR I s

8 ' Winax, Vmax 7 AAHLES NI L ERRANZHE FIR, vgeare & BOERIAL IR L, Oexp
SR IKAN AL, AR sign A1 w O IEAE, WIHLES A RBEEE T 102 ATRE D7 W i e, ez, e qr s
[ (R AT, Distoin AN T2 401 A I IT AT BEAF) BUNLAS N 1R S N s, LA e Tk &l 9 B,

9 o, AN R S WL NI SEEEAH R, BB Uil Dy, W€, /£ A, B, C, D, B LANREARG
Prh, s A BINLES AR SO, (HE AL T 3OE 24t A, Bt AASELE 2RSS A4
Distuin. & C AT 240 W HEIHLE A B BRI 5, FTEL Distin HU5F T 50 C 2UHLES A RELE.

5 SRIHER

5.1 SRR

SR LA AT & 2 B Ay SRS N, Wl 10 Bros. ML e i 3er D5 it
& REENI RYE (global positioning system, GPS) IR ABOGIIEEA. Horp, Br DA gD Al
GPS &L [ H THLES AP A7 1, WOEIEE SO 3= 22 H THLES A s IR BRI AT, AR A1
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| St'l III‘II'Ii!\ “.II'I{!.‘ I)iSl
Initialize Vexp=Ymax
sign=abs(6,,~90)/(6

==

T.,..=Dist

expy |:1iu"f"n-'4p

u‘t.\|_|:((-]i ~90)/T.

exp cxp

@# Vexp=Vexp™ Vscule

VL

min Vscale

—90)

exp

W=Weip ‘ ‘ v=0) W=,00sign |
A\

| |-=!IL'.‘[!

Qutput v and w

8 FHEEFIREZEE
Figure 8 The flowchart of getting the velocity output

w9 =
L p

D,
/—A%
E
©
A
«©
Laser scanner
Bl 9 Distmin HIBESE E 10 XRTE - EHRRUIEA
Figure 9 Determining Distyin Figure 10 The experimental robot

SO0 PSR A i v (SICK) A 72 77 1) LIMS-221 BUSOG I EAX, A1 9 Ja HE X 4 1 #1132 5 L S
180°, HEEEFEAT LAAE 8, 16, 32 A1 80 m PUAMRYAL Z (AT, OGN BE A Ak 22 25 E 20 A i 35 25 3t
0.65 m AL E, I —ANm NI, Wi /ANh 5.1°.

5.2 AREIKIEAE XIEiHHE R A S0
ERBAPRE — N CAA B ST TR S ATEE R R K52, ik 11, JATLE Matlab
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[35]

ot P

& 11 (a) % APF MSMER; (b) M APF MESMER
Figure 11 (a) Navigation result of the original APF; (b) navigation result of the new APF

T AR BUE R AT ARG, A LS NIRRT 2 AR, B 11(a) A1
(b) IR E 2B R BATB0E H AR R AL B AEHL S NI IERTT (BISOEIERAG R 90 J&
FRETT ), HAL TN 2 Ab. SRS AEFRERIBE T, SRS A 1A BE Sk M Sk 6 L 3549072
53 SKEUTEBR S £ B2, HUIOAN R PR S A X S e SREm o) - e e 48 SR s & 11(a) Th A
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Figure 15 Moving around a water pool
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Figure 16 Different trajectories due to minus height
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Abstract A new real-time algorithm for the autonomous navigation of mobile robots equipped with laser scan-
ners is proposed in this paper. Different from the existing algorithms designed for two-dimensional navigation
problems, the new algorithm introduces the height information of the obstacles into the guidance process and
behaves as a 2.5-Dimensional Angle Potential Field Algorithm (2.5D-APF) to fulfill the navigation requirements
under complex outdoor terrain conditions. First, one laser scan is partitioned into two kinds of function sec-
tors: “Guidance Sector” and “Inspecting Sector”. Then, the Guidance Sector and the Inspecting Sectors are
reconstructed to form a virtual guidance scan, where the 2.5D information is taken into account. Finally, the
conventional APF is improved to analyze the virtual guidance scan and generate the navigation orders. The new

algorithm is tested on a tracked mobile robot, and the experimental results validate the proposed algorithm.

Keywords robot, 2.5-dimensional, outdoor, real-time, autonomous navigation
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