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An Overview of Research on Military Unmanned Ground Vehicles
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Abstract. Unmanned ground vehicles (UGVs), which are of great strategic significance for developing
high maneuvering unmanned ground combat systems, have become a research hotspot of defense technolo-
gy. The development and current progress of UGVs for military application are reviewed. The fundamen-
tal components and development characteristics of military UGVs are stated and analyzed. The key tech-
nologies of military UGVs are also summarized in the areas of sensing and perception, motion planning
and path tracking. In addition, the future research direction and focus of military UGVs are suggested.
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Fig.1 Military maneuvering unmanned ground platforms

jemva IS RS DA VA S o HE S8 (RS PR3 AL AT SN
HLBIF- 5 JE FRL A PR Y, S JE N R GE R 3 AL
i S s B FRET L HRANENAF B

12 Bl LA 2R G0 R AR PRSI 2R S A B BR
SRR B TEAT 55 2R IR YR - 5 A B s Bl
R A ARG A A RE 8 IR B s A AE L R 4
MRS 1 E AR RS RIS % M AR5
MRS AT REMFEIN RO ER
PRI b PR B ST 30 R A AR R T B O A B A B
Bk VRO RGNS Al A AR AL
AL LA

BR A ) 2R SR AR AR R 27 A e B A4
A B T i A A5 B A R ST IR B S B
AR XTI e AN S R
iR ARG 225 B AR A AR A T 4%
@/ Up Gk S TN Uk E AN N Rt sl E A Ky
e LR RN A B B ) s

B IR B AR GO i AR A SR AT AR

B2 PR T R &

B 7L LR A B o, AR TE AL BT
BIFEIIIRER A R M e bR 2= 7, A &R
Gb SRR 2 FfE RS AL SRS
M H RSG5,

2.2 #5=

VE R R ShHL A N T AR I — A4 32 0 % @y 1]
i o MBS B ARGk T35 2 WL A2 FaR
7RIS R, I S W J R0 S s 1oz FH v 22 B
A OO AR
2.2.1 B I ER LS AN ARk

[N

WS B AL A E R Z N 0 ~ 10 km/h"™ |
M4 JC AHLSIF &5 94T Bl et BE R 2 7E 10 ~
60 km/h, A (3 Z k55 70 km/h DL 20 JEAML
SV BT I R AR AT A, s R SR 2R
45 Fliz SR 22 48 e A B R | 1 R 9 1 3 D RS
FEAR T S R e PR Eh M R rh kR e



510 ) T M T AL - B AR KR EEA 1699
BUT, SRR G2 Bh2F AR 28N BRI 2 R 4 LT B AN T S BARXME VA AL | IS R IE AN L

Hl oK, 7 B d 5 % 8T A AR AR (BB )
B TORE R A BN )R | DIGE I A2 2 3 s G
T UG DL I I T K

2.2.2 PHAEMIEEE A JUEE K

5850 B s AL g TG Sl 0 2 P R BT R S LA
NSNS AR HE, 4 b T JE AL B AL RE
BTN TE LS A AL T B AR (T AR ) v B RR 8
TTBUAEARSE 0 AT B R EE BT AR ) b, XA L
TGN AT 5 2% Ju B R, bR R BRI B
TN R G ANCE BRI U H I T AR T AT A T Y 1
B DI 3SR 5T SRR AT AR At
SRLRB ST BB PR TR AT B R B A (AR |
AN BRI IF BRAS (A A R AE ) T AR Y B R
i (gl B ) MY ki [ G AMLBEF 6 1
(PR EE BN ST 42 1 T HT APk
2.2.3  HAHERAREAE T A K SRR

T3 S AR Z IR S A R, N REE A
ik 0% I B RE 185, AL F & H
FHEFNHTE BESEBRE RS BHP R
SioH Tz e R, KT 55 B ER TS 6k
KBf SR (P 5T ic i P Gl s i) . ke
Fi 0 T 2 IC ML -5 BAT SR i 7k 2 6e ) A
KZEfBE 7. W, DARPA FIFEZE%) T UGCV T
H B PPAG R gk AL 5 . RERS 2 I 14 d B9AE 555
— YR BRRM T3 LR R A>T 450 km; 3nf FL KT
25% 4%,

2.2.4  XPATEEPEELRE R

T M T ML) - 630 5 T AETERF SN %
HIWEET B IE 52 b fr KA | IR
FRELT- B P T R R0 v 5EPE
SfgoE b ok T IR APk R 308 R 2 M 1 G
NFEBHERTTZ WS % B RGN R
SR HEE T A, DR &
JE FMHSAY | R VR RN A 254 A0 Y TR R 4
TSR SR .

Th, R T AL - & R ETRE $E
TR AMAY B ESUR R, T AER s
AN 5H NSS4 1 I8 A G H RG]
SEPERRSE MEXT T AR e Ak AR L R
TNHUBIFE-6 AR5 Z I BN BLAE , KA A
Bl il ZR Gl o AN R HIL TR 4 e A PR T
BUR SR SB[ M 1) R4 S 1932 sl ik LEA
SMABATHRIA B I A8 TR IR SR R4, 5

PR R G e 5 IR R R G S A, X s
ST A S HAE R RGBS FEOE N ARG
AR AR, ML R RHE i, DARPA Wi
PRERFE A4 A L Y SR B 5 A 5 By O
ANE, BARR &M T IC S A R G NX
K MZA T LB, A NS 35 T N2 i) 2 4t
K HIPIEAF 3 SR (HR 3 — & e
AP IRAT AL 3 A e K B 22 1) il T JE AL 3
V-5 R AT U B A shaas i, A R 78 5l
BLAF NN Robot Car Jo N2 3R % AL TR
SRR VTSP Ray Jo N2 3R 4 | AR ) 1
15323 FI ) Bertha Benz JC N2 3095 4255

3 MWEITANBFEHRBRA

3.1 IREEAEA

LN F A T AN T 6 e HE A —
W, ML G %4 FE T ny i 2T e g
TR A tH AT 32 SIPIR S 0 E AR B
By, ATk HL A AR B AN AN A 4 45 Bl B K FHAH
PLAEHA B BE A5 12 A1 AL PR A AL (00 R 4,
A5 A SR T | GPS 45 4% s b i 1) RE 42 1t
V-6 A B S A X Bl e X B B
RAEMIT RS
3.1.1 MRS

Hu TR JE MBI T 5 P58 2R 5010 £ E ) e 2 R i
Pk AT e AT X BRI G2 ST A A
F LA B A A S 3 B AL IR (OB
IR ZEOKUE TR IR B U T IR A ) RN S AR s
(HHAHML SARAHAL 2 SAPL ZAMEPLAE ) . &
S5 s R RE SR AL A XS B P FE B 5 8, L
A3 A5 FH T I e A ARG R PG 45 i sh v %
TS HBR & R EEE B R 2, lhEE A AT
TR B AR A I 5 R A A1) 5 DT e DA R
BT R AEAS I A4 32 B A RN 2 007 55

1525 TR AR H AR RSB AR B Gl &
J& X LT TC A ML BN T 5 76 B A EE T 1 L R
GBS T i 2k I BB AF (i 9% R
AR e BT BT TR0 5 40 28 45 D SIS Y R 1 ) A
W, T FEHERE K22 1Y Lalonde 25% 1 5 5 = 45
VAT T 456 ULt i 3 22 U0 26 5 5] 161 7 9
REERF 2R B 4 FADIR 263427, T Demo- Il
XUV JE AHLBHF & 1Y B AN T3 6 1w 43 2500 S
WA HE HE S % (JPL) 1Y Rankin 25 2 FH 7 AR ML



1700 2 X & %K

935 %

SR AR AR T i A P R A o A R A i AT %
J75 AT LA DU L AR T R S S R A RN K T
071 Milella 2548 H T — Ff 2 F 22 K O 5 a8 $ 8
FRAEAY 27 ) BT 28888 O S L G
W27 > B B RSB B, REME A N e B AR A
ARALIREE T B BT 2

H T IAWLBI T AT R A IR 5 A2 4%, HAR
— LIRS A T BE SE IR T A BR BT 55, WS
i 2 AL R R 5, P 2 B85 B B A+
AN TE MBI & SR AL el 5 A E B
TR YA ST B S Stentz 252K F Fb %5 ] BAL ) 8
I P LA A R EIOR Rl B O B I8 PN AR AL S5
)30 8 AL IS B, TR Bt I IR ST R e (i, i
5357 AR 45 K 9 I [ A5 R 67 A . Bagnell
SRR 6 BUY SN ) SR A oy 1 NN (=S
TRSL AR AR A P o A 2 6 T 000 R0 6% 1T 73 21 P A
PEH ) Peynot %538 1 22 15 B A A T8 B TC A LA
INPAE IR AE I AN IR S5 R (2 FE R R
0 485 1R X 2R B8 B R, B R JERRT R 48 0 ] R
P Zhao T T — 2L A RS,
R AR IR S 8 U o S 0 4 3 )22 B s i A, LA 4
195 — HOEBTEA A RES B s R S5 R A D-S k4
PG T 2B RG, DLR &R N SCR A /N
BRI
3.1.2 REMN

T R G b g o M 1 TE LB 5 B is Bl HE
W His Al T B 20, R BIE H T JC A HL )
FEREABHRG TSR E 2wk Tl
g N T S VA N TR (1 IR 1 1 o e b2
i AE . TTAMLENF- & BRIRSAE T R 2 RS £
PG IRES (BEIRAL (GPS sk FE i1 P #4655 ) 15 B, Al
-5 RS R B DL AR sl e X o7 &, T Bk
ST EESAHRE. BT LE2EKEMNRR
(GNSS) —18tPE ML R 48 (INS) A T AL R GE
Fe T RS AR T

FETCHERY 25 W7 R8T, GNSS (4n GPS  Jt=)- |
PA 2 02 2R G0 ) BN JE BB 6 HE A5 s o Af
RE NG B SR T PR e | 38 PR S5 IR BT
Al REFE GPS 155 BRI 5% | (A5 (AR AR 22
BRI, INS 245 38 1 5 A5 I e (BE
BEASC B EE T P R AE ) DT R A R
0 B A 38 A R 3R BT 5 A 28 A A5 B E 7
A5, INS K , AN Z AN A B T4, 4R i AR
S BARAAAE R ML, KET ] B S A R %

2, B BS it INS HEgfruEk i e Aok B, 18
A RIR SN A D PR R R 2 e A s
RIR SR B L P A A R Go e B, 45 A R
SEN RGN A FIRG A TN T- 6 &
MARGH T, 2007 4E, DARPA 3 Pk FE | 5¢
Ji LR 1 TN 28 3 A2 LT B T GPS-INS 414
SRS B, T GPS-INS 44 SRS
BSR4 GPS, 24 GPS & A i [ # I, L5 1 4
FEMAARE | Tlyas SR T —F R HEF XK I/RE
TE AR 1L B I T A R Aok H GPS | INS
AR RO LA ST % IR AE GPS 55
BEWIHL Ty (BEAR R L ) 0 R ORAIE P 56 1 5 1o 25
BT

FETIEAPIRSAG T 2R R LR T (VO)
N [E] 1] 5 0 67 (SLAM) o 1258 LR 2
SRR A s Ot B R RS ) 1
B B E] AR AR A T B A A B S, X Ry
PAEIR T A B AR TR BE B AN
T L, S 250 AT S B, R 2R R, AR R A
TAFFEAN T 22432 BIPIRAS R VO WIS 32 3 8 At
R, IF H VO AR Bk, MIxH o & 15 22
LRI, 0. 1% ~2% , AL VO #)12 A Ty
B IR T P85 0 AR A e Y, UL VO
A A . TR R R AT S A A | 1 S i PR
14 R) A RFAF S sl BR B R4 AR DL i R 1732 3h 2
HAkitt, Nourani-Vatani 55 F 7 £ 9F 56 28 14 2 3
FRRAE BREE A 738 S A TS B H VO, IFK H ki o
TR Tl A 0B 4 52 622 Howard
SR T — B S AR SE SR AT 2 S AG Y Vo,
HARZJOHE R H 3 0. 25% AN, ZBERTRAE
5025 T AT PP DA RS R % T Ak BT S A A0 2
AT R IE SR HCRRRIE DU AL | R 5 FdEf Tiz shfil i1,
SEIHPE AT SRR = Y 0 R E A # DAR-
PA LAGR i H 4 LAl Big Dog ZEHMLESA . N
TIREEN RZGAKE R Perlin 226 VO A5
HIT(IMU) A TRl & 4 0 T —Fhseed E T
T ISR T PR BT T e A T 1 3 5 A B B o7
R4,

[i) i 78 7 ] 5 72 A6 (SLAM) 245 JE AL F
BRI P R B 5 B L = sy
RS R IR, Bl R 0 A B i P ] s e 450
Pt P o o B, LR R R R R R Bk
P T RR 2R R R AR SR
Rao-Backwellized F7 1 J& I8 45 £ AR 52 B 5% s £k



5510 1

T M T AL - B AR KR EEA 1701

T PR AL TR A AR B A T, iR 30 AR R
JE  TE PR R b, SLAM (i) 85 O 2 FEA Wl v
SR HAE HLAR R A7 52 B0 i 22 n) A, B A HA
KMFFE S EEAE PR R 8 RN S
SCHREFE DT AR 5 At i S B T
Jr AR EG, SLAM BRI R 22 i A4 1885 I 2 (5 8L, 3
FENL AR AR R IR 2ZE TN, 534, SLAM R A
BOE IR fpe PR A 0] 8, R LTS BR A B AL A Rt
P2 SLAM FE fiff H K3 1B 2h 28 R 8%, 4 5 2
GPS 5 55 s AR Kk Je ALShF- & i 1
Fis ] b ] e 0 A6 ) 0y T A A R . A
I, Ok AR 22 B AFF 5T 0K SLAM T 31 JE A HL3h
T EHEE RPN ENL, Moosmann J5 2 H —Ff
HUAHH Velodyne —4EH0% TR 15 B4 (1) SLAM J7 1%,
T IR AR A AN R B A B AL A A B s
BT, SLAM 53t BE A iff b 22 <7 M TR 22 o7, 5 HL
LU 2R A S RS B2 T R, AR RS A Y 3 i b 1 A
@Y Cho ZR4R H T & X AML BN & B 4M R 8
TR SLAM B3k R TE R FHAUBHT C-34 18 2R
FIT BRI MM AR AE T, Y R R R = g
WAL R o7 A 7 M P Tamjidi 25 @l 3%
6T A EHE AR H A AL B, B T T RN
RANSAC-" R /R & g I 75 ¥k SLAM B3k [ T
AWLENTF-EHETC GPS {55 3045 T A7 E AL 1, HiAk
THRZ/NT BHAEKEMR 1.9% . Su 4T
— PG R IR SR - TC R IR IR T
PLEPF- 61 SLAM 53k i 5 ke W e AR e 47 g
IR U - SLAM S50 A B8 /55 (4 67 RS B AL )
R,
3.2 EBEEHHMIEAR

AL SEFIBUE SR iz s R 3R 2 e A ML Bl F
B FMEARMAZ S, IR RI T AW ST & 5 fe 1k
HOPH AR AR . —FR5E T s sh LR I8l 42
TREAPRENE 755 2 (T 5 ST ) BREE T I TEA
BLBIF- 5 B2 S ALK 75 2 2% T 2 20 5%
Wiz B AR AL B R R
B RS B E AT E S, SHFEB, JEA
BB V- F 38 A7 e 8 A ey, T L 75 0 1 sl A B
BR ()4 s B3R 32 B AR 3R Gt RS A A BIR (R ek ) LA
B — F%6 A2 B2 Bl 12 AR TR BT, A
iz BRI R G A5 M RE B K U B Bl AR i T LA
I3 WA JRiE s R i R sh R i or )2 K
iz BRI T

BT AL 04 a1 shpl k) k') |

FHARFHEZ TG 44 BRE 8 & R
el B EE AR FE I S5 SRR AN A D S B g
HRF IS E] 249 SR 1432 sh R ), 5 4 SRz sh Rl
P, SRz SRR kT T R Rk, AN T
FIREEE I BT LA B A ) AF 58 B Pk 2 3
R 2 2 AR R 2 L T R A 55
ST R I, A T AR R R B B A R i
AN, I al A R AR N 2E BRI i R BR
—Fh o 2B S AL ik O R X
T3 J2 SRR ZE A4 F 4 ) A R 2 Ry R o
FRI AR AL, 42 5y 6 42 MK 245 32 B2 A5 Jl s AL 48 Bl 2
LI ToREARE AR SR AT | A5 Bk B 1R 4 FE A
BT, R Bl MR o £ B s ol B 2
LY RN A A AT AT T ORI T 1
I ARAE H AR R A U A AR AT R . )2
22 BRI J5 1% 30 A R Rl T I T ARG
BOR

MR AR E BT 1iE
SR 7R AT T R A iz Sh R T vk R
T dl a2 s R 2k

TR Ay EEE R R H
ARIEAT IUATE Bl BT P AR iR 25 55 J 0 JC il e 5
7, XM 2 T 2 R B AR R A X0
TR 3 3 A ) A R LR UE G 2 A
iz B 2o R R e HL GRS . DARPA 28 In
JRPRIRFET RS A T 3 T R 2 sh
QD5 FEFHRWIZE SRk iR 1z gh
JCETUE H L (4.8.16 & EMHE &1 H 191z )
JC) . Dubin iz 3 B8 gl | Reeds-Shepp iz 3l
JG7 CIRAS R A2 B B e AR R O ko iR
Fiz g sl )12 2 i A Bz sh oo B 2 A
B, Uk B AR A s B ) AR A [R] B PR UE AR
R TTATIE 3 IR 198 28 05 1 B2 )2 Dijkstra ™ |
AT DU R AR R AR o AD T Bk (A s
BATSCR R M 38 A TR shas B IIE T
(AR H0 R 1) 51, 78 DARPA 3% 17 ¥k 6% 3 v sy o iy
T BOSS # g% H =S| 5 E N R E
= PSR Rk TR S sh R
(075 04 Jey PR , AN 38 A FH T fiff Rty Bisf (] 249 SRR 2%
LSS BRI 50T 13z shRl i) in) SR e 42 sl
[)

BT RARHIZ Zh R 77k | 48 1 2 HE A R 40
[*) R L S 240 SR ) S S A (SRR i 1) R — 28
oo XTI RN R A B R G ) )2 AR I



1702 2 X & %K

935 %

sl R A i AR AL 1 2 21 )32 ok, Hih
— P R IC LS 65 932 SRR ] U Ak A
PR a5 P )RR g, R o T kg shl k)
) R 0 R P I 2 2k, T B RSk
TR Z T2 SRR | R LG AR
A o X1 i M A2 G fe] i e i SR 24 o (
MR 5 o Kelly 25826 MG £ 8158 H AR 5 A2 3h
A [ R0 e 2 Ay i A s o ) 3 1t 2 400 5
FORTEMAR G BN 1205 R, 2F WK 1] UG 1k B 2 8
AL, AN AR 250, 1 2 A R 250k
BRHES HR A A Pl H R A ik, 1
A B 1 o o, WA A Pl i, Delsart %5 5
FESLFERN AR I Tiji BE A [ 25 [ st
HEA TR T AN ) LK) o8 A5 95 R T i S 1 B[] Y
F3k AR 5k B AR s BT . X RO R S 807 2
FAFPI A , AR TR A5 A5, KRS THL
AR AR 1 LT DU A AR R 258
FA T gty =l o0 3 ok 20 SR A0 8 B 4 4 3z 3h R 1)
R, HHE SRR BLE BT

bR T LR PR 2T 40, T AW &
FRIE SR A9 7 ¥ 16 47 RRT B HLAs Fhi™ -0 5
U SR AL S ek
3.3 ERERIEHIEA

TE ALV F BRI il B ARS8 H shdas il it
R o RSP ) 3 AR S BRI 4y, KA AT
SRR IR B B AR L, AW &8
Tl A RS AR /D R IK S R 4, Hom
AR T RGBSR B R | R AT 50 3 oM
HENTAE G 1 750 25 40 3h 1 A R TR
Mo TE ML -5 (10 3h 1 R G0 w s 2, B
S ARZE P FNIR HEPE , % 0] R GEA R R B, g R
B, LA T 3k B A A s R R B s ) 2R e 3
W2 R FH T b s ) 32k 43 ) S B X A 1) (1) ) N
A CGHREE ) i

oA — A3 — 10 (PID ) 45 22— Fh e T b
2 RIS AL R LRt B . SRR TR
BN RGBS 00T DL i iR AR
o s RFER T RS TR, X2k
PI & il 438 5 T X AL & 0990 ) BR ER
i PD il #5388 5 FH T JC AL 8 4 B8 i 45 161
2007 4,7 DARPA 24 5 (1) 3 117 $k 5 8 1, Leonard
S AR T8 PU 428 1) 4 X 9 ) 5 0 4 BR B 4
#5580 Bacha 2544 map-linearized PID &l %5 H F %
B0 T AR ] R P R s ] PID R 1) £ R

[BTE:

I TUAR AT 1) 5 A R B 42 o i T2 B AR
P 2240 5 S 2 AR sl 0 LA 7 B G 3R T
R A fifp R R ) P — 2R s . XSk
FZW TINS5 i i, iR g
TR0 R R AR 3 LSRR — ol B B
T A A e S R AN A v g 2 A A A A T 4
s %R Ry BV R TR A
BN [l 25 1525 AR PR AN L2 RIS 0 T Rg
IRBRAF R IR ERASCR . HB AR TR 2 R 2 S
B(SHFARMA A R ) O 22 45 ) B 52, BOuE
TR, AR METE DRIE A o BR 25 B8 77 1Y) [w] B R e AR 2
P Urmson SRRHZ 07 N H T BB AEE T CMU 7
WICN AR PR IR EE ) | Leonard 2545 H W FH T30k
TIEAEE N MIT Jo A 7 9 A8 i) B B 5 0T L Valois
SR TS L IC A W AR P R N A GPS
G FRBAR IR EE Y L 5 —Fh LA R AT R
I 25 Stanley ff 1] R 2 5 1) Hisz & —Fh H
7 JEAE ) 22 A AR MR S A i 2% . TR TE 28
TG0 R0 LAl R T 4 H2 i TR 5 IR
SRR, X Fh o7 A8 & TR E L
AR B A A ERER | O HL7E BB 1] 152 22 T ISR
2

45— S5t R 428 Tl A 2 I AF R R T 2 1 —
FIR RN I, FE B — A Er R R s A —
TR, AT A RS AR
R TP, S i A% 0 AR 4
AR S S A A A o i A Al A5 0 2 RS AR 5 2 %o B
5 (A 5 M 5 /N ol 2 0 O a0 0 R B A O IR AR
& WriHAE K% DDL S256 % 1) Kritayakirana e
R I T J0 N2 B e A A ) R
AU 8 LAy 23 F) BY Bertha Benz JC A7 30175 422k FH
TRy VR R e R

R T AU ERER A I 2848 12 5L T L Ae
PR W R RS2 o SR A Y R AR R R
T (LQR ) B g 42 ] 17 RIS A8 00000 42 o) ( MPC.) B
PRiE i gr . LOR 42 45 2 4 AR Lot 45 i & Gt 1k
MM RS, RE M LQR IRERAR, 7k
e R Divelbiss 55T 1997 4F FH i 22 (1 % 12 B
BRI 53K Snider B3 T — A H 5 A B HCE
FREFE LOR Fa il 5 FH T o A AL 31 55 00 48 ) 2R 25
Pl B . Levinson 4544 3 F 5 vk 7 A T 30
FRRZATC NG R G Junior FYRE [0] A9 0] 25 6 452
H%, LQR Fhl 28 L BGE & H Tk 2 B TG



5510 1

T M T AL - B AR KR EEA 1703

N SRR 3k T 4 50 R (R BE AR IR ER , (HZ X Fh
IPETCIEA PR O HAG AR LM R G AT 4k
AL A 7% 18 2 2% B AR T ARG 45 i RS 52
M), e A2 5 i 0t it 248 58 28 Uk 7R 2 78 ith 22 g AN
DUT A I, MPC 42 i % o Y 450K Bl o 884
i, AT B I R GE AR LM B Iy SR AL T
T A >k — B s 1] 2R g8 0 e AT R 8 A ey
LR B A T[] R 45 2R G AR R S — Bt ] Y 1Y
PREFIR2E B /N, XA T B R BH . Falcone 55
3 M FH A ) A e AR TR A 2k i S 2 M A BT AR
a7 AR ST A2 o FH 0 N2 3 A e A ) B
P, HAE vk by Ik R B o T s #|
21 m/s'". Yoon 25 % [& A 28 P 4 A YR 4 Jif A5
BB T AR L AR T 2 4% T XAV AL
BT £ 0 8GN 1 R I A ] R B S T R T
e Ziegler Fl Geiger %5 5% FHRE AU T 42 i 7% ik
17 Betha Benz il AnnieWay J& A\ %25 31 73 42 B9 9\ ) B
E%:?Eﬂ%”(%,mﬂ )

bR T a4k TR JE AL 5 Y
SRS ) 9 S 5 A ) O AR s
R TS E T R

4 BEMRE

T AN SRR 2L AR RERAS TR K
K ) % JR  JRe IR H AR A R TR R S0 A 1 L
RIS, ARSCEJE T SCRTB e SCT Hi i e A
LB P56 SR IR T 25 F i JC A LS 5 1 &
JETIFE, 430 T 42 H T T AWML 5 19 3 A 4 1
R e, B4 T M I AILE 6541 &
GAE R B R G R . EH AN 4
Ja ST R S A

1) ZAGIRES ZHBAE IRER 5 B Rl A 7 ik it
G BT AILER S S BOR MRS | Th A A 5328
REIEE .

2) GNSS.INS VO Al SLAM 4% 5E i F %= 4t H.4b
(G B AL B RSB 5T A A SAUE
N RFE RIS,

3) ZIERIKBN RGN I 2R A AR Al
5 1] S BT L0 A RV R I 5T X Bl A B s PR
i B 25 AR A BRI SR Y

4) 5 IERG I A Bl 2 ) 22 A R AR S PR Y
TOUI A R RO 5T 5 SR T ML 2 ) I AR IR R
AP T AR

5) T IR R 55 0 AR AR A Ak 8

T NHLENF- B L — R BRI 55 LUR &
2 H o ER RIS B RS EOR Rl |
HEE LS BRSBTS

22 3Lk ( References)

(1] BREA SOLD] A % EASMREME[M]. dbat.dt
AT R, 2014
CHEN Hui-yan, XIONG Guang-ming, GONG Jian-wei, et al. In-
troduction to self-driving car [ M]. Beijing: Beijing Institute of
Technology Press, 2014. (in Chinese)

[2] Gage D W. UGV history 101: a brief history of unmanned ground
vehicle (UGV) development efforts, ADA422845 [ R]. San Die-
go :Naval Command Control and Ocean Surveillance Center, 1995.

[3] Carlson J. Analysis of how mobile robots fail in the field [ D].
Florida: University of South Florida, 2004.

[4] Liu X, Dai B. The latest status and development trends of military
unmanned ground vehicles[ C] /2013 Chinese Automation Con-
gress. Changsha, Hunan:IEEE, 2013, 533 —577.

[5] Toscano M. Department of defense joint robotics program[ C] //
AeroSense 2000. Orlando, FL, US.SPIE, 2000 192 -200.

[6] Spofford J R, Rimey R D. Description of the UGV/Demo II system[ C]//
Proceedings of Association for Unmanned Vehicle Systems Interna-
tional Conference. US;AUVSI, 1997 255 -264.

[7] Shoemaker C M, Bornstein J A. Overview of the Demo Il UGV
program[ C] // Robotic and Semi-Robotic Ground Vehicle Technol-
ogy. US.SPIE, 1998 202 -211.

[8] Krotkov E, Blitch J. The defense advanced research projects agen-
cy (DARPA) tactical mobile robotics program [ J]. The Interna-
tional Journal of Robotics Research, 1999, 18(7) :769 —776.

[9] Fish S. Overview of UGCV and PerceptOR status[ C] // Unmanned
Ground Vehicle Technology V. Orlando, Florida: SPIE, 2003
336 -339.

[10] Van Fosson M H, Fish S. Role of robotics in ground combat of
the future; UGCV, PreceptOR, and FCS [ C] // Unmanned
Ground Vehicle Technology Ill. Orlando, Florida: SPIE, 2001 .
323 -327.

[11] Fish S. UGVs in future combat systems| C] // Defense and Secur-
ity Symposium. Orlando, Florida: SPIE, 2004 ; 288 —291.

[12] Jackel L D, Krotkov E, Perschbacher M, et al. The DARPA
LAGR program: goals, challenges, methodology, and phase I re-
sults [ J]. Journal of Field Robotics, 2006, 23 (11/12) ;945 —
973.

[13] Stentz A, Bares J, Pilarski T, et al. The crusher system for au-
tonomous navigation[ C] // AUVSIs Unmanned Systems North A-
merica. Las Vegas: Association for Unmanned Vehicle Systems
International-Unmanned Systems North America Conference,
2007 :972 - 986.

(147  SRISZAS. AHHE S T T8 K =8 R R BE kA L)
WE5E[D]. dbnt: JEatH TR, 2012,

ZHANG Hao-jie. Research on path planning for intelligent vehi-
cle with heuristic search under uncertain environments [ D]. Bei-

jing: Beijing Institute of Technology, 2012. (in Chinese)



1704

: 3

X 4

% 535 %

[15]

[18]

[20]

[21]

[22]

[23]

[25]

[27]

[28]

[29]

[30]

Buehler M, lagnemma K, Singh S. The 2005 DARPA grand
challenge [ J]. Springer Tracts in Advanced Robotics, 2007,
36(5): 1-43.

The DARPA urban challenge: autonomous vehicles in city traffic [ M].
Berlin Heidelberg: Springer International Publishing, 2009.
Wilson J R. Driving Force; DARPA’ s Research efforts lead to
advancements in robotics and autonomous navigation [ M ] Va
DARPA; 50 years of bridging the cap. US:Faircount LLC Pub-
lishing, 2008 ; 45 -57.

Bagnell ] A, Bradley D, Silver D, et al. Learning for autono-
mous navigation [ J]. IEEE Robotics & Automation Magazine,
2010, 17(2): 74 - 84.

Kerbrat A. Autonomous platform demonstrator,21395[ R]. US.
Army Tank Automotive Research Development and Engineering
Center, 2010.

Zych N, Silver D, Stager D, et al. Achieving integrated con-
voys: cargo unmanned ground vehicle development and experi-
mentation [ C] //SPIE Defense, Security, and Sensing. US:In-
ternational Society for Optics and Photonics, 2013.

Theisen B. Autonomous Mobility Applique System ( AMAS),
22434 R]. US:Army Tank Automotive Research Development
and Engineering Center, 2011.

Satterfield B, Choxi H, Salamon A, et al. Advancing robotics:
the urban challenge effect [ J]. Journal of Aerospace Computing,
Information, and Communication, 2008, 5(12): 530 —542.
Czapla T, Wrona J. Technology development of military applica-
tions of unmanned ground vehicles [ M] //Nawrat A, Kus Z. Vi-
sion based systems for UAV applications. Germany : Springer In-
ternational Publishing, 2013, 293 —309.

Raibert M, Blankespoor K, Nelson G, et al. Bigdog, the rough-
terrain quadruped robot [ C] // Proceedings of the 17th World
Congress. Seoul; The International Federation of Automatic Con-
trol ,2008 ; 10823 —10825.

Playter R, Buehler M, Raibert M. BigDog [ C] // Unmanned
Systems Technology VIII. US: International Society for Optics and
Photonics, 2006.

Holste S T, Ciccimaro D A, Dudenhoeffer D D. Increasing the
mobility of dismounted marines small unit mobility enhancement
ground vehicles market

technologies; unmanned

ADA513828[ R].
Center Pacific, 2009.

ELIAS J, RAKaSOVa D. Trends of development in unmanned
military motor vehicles [ J]. University Review, 2013, 7(3):
8 -14.

survey ,

San Diego: Space and Naval Warfare Systems

Valois J S, Herman H, Bares J, et al. Remote operation of the
Black Knight unmanned ground combat vehicle[ C] // SPIE De-
fense and Security Symposium. US: International Society for Op-
tics and Photonics, 2008.

Czapla T, Wrona J. Technology development of military applica-
tions of unmanned ground vehicles [ M] //Nawrat A, Kus Z. Vi-
sion based systems for UAV applications. Germany : Springer In-
ternational Publishing, 2013 293 —309.

Kilitci S, Buyruk M. An analysis of the best available unmanned

[33]

[35]

[36]

[37]

[38]

[40]

[41]

[42]

[43]

[44]

[45]

ground vehicle in the current market with respect to the require-
ments of the turkish ministry of national defense, ADA555973[ R].
Monterey : Naval Postgraduate School, 2011.

LaValle S M.
University Press, 2006.

Planning algorithms [ M]. Cambridge : Cambridge

Kendoul F. Survey of advances in guidance, navigation, and
control of unmanned rotorcraft systems [ J]. Journal of Field Ro-
botics, 2012, 29(2) :315 -378.

Kobilarov M, Sukhatme G, Hyams J, et al. People tracking and
following with mobile robot using an omnidirectional camera and a
laser [ C]//2006 IEEE International Conference on Robotics and
Automation. Orlando:IEEE, 2006 557 —562.

Nguyen-Huu P N, Titus J, Tilbury D, et al. Reliability and fail-
ure in unmanned ground vehicle (UGV), GRRC Technical Re-
port 2009-01[ R]. US:GRRC, 2009.

Appelqvist P, Knuuttila J, Ahtiainen J. Mechatronics design of
an unmanned ground vehicle for military applications [ J ].
Mechatronic Systems Applications, 2011, 1(3) ;237 -261.
Lalonde J ¥, Vandapel N, Huber D F, et al. Natural terrain
classification using three-dimensional ladar data for ground robot
mobility [J]. Journal of Field Robotics, 2006, 23(10) :839 —
861.

Rankin A L, Huertas A, Matthies L. H. Stereo-vision-based ter-
rain mapping for off-road autonomous navigation[ C ] // SPIE De-
fense, Security, and Sensing. US:International Society for Optics
and Photonics, 2009.

Milella A, Reina G, Underwood J. A self-learning framework for sta-
tistical ground classification using radar and monocular vision [ J].
Journal of Field Robotics, 2014, 31 (4). doi; 10. 1002/rob.
21512.

Stentz A, Kelly A, Rander P, et al. Real-time, multi-perspec-
tive perception for unmanned ground vehicles[ C] // AUVSI Un-
manned Systems Symposium. US:AUVSI, 2003.

Bagnell ] A, Bradley D, Silver D, et al. Learning for autono-
mous navigation [ J].
2010, 17(2) . 74 - 84.

Peynot T, Underwood J, Scheding S. Towards reliable perception

IEEE Robotics & Automation Magazine,

for unmanned ground vehicles in challenging conditions [ C] //
2009 IEEE/RS]J International Conference on Intelligent Robots
and Systems. US:IEEE, 2009 1170 - 1176.

Zhao Y, Li J, Li L, et al. Environmental perception and sensor
data fusion for unmanned ground vehicle [ J]. Mathematical
Problems in Engineering, 2013, 2013(9) :903951 —903963.
Silver D, Stentz A. Monte Carlo localization and registration to
prior data for outdoor navigation[ C] /2011 IEEE/RSJ Interna-
tional Conference on Intelligent Robots and Systems ( IROS).
San Francisco: IEEE, 2011, 510 -517.

Guo H D. Neural network aided kalman filtering for integrated
GPS/INS Navigation System [ J]. Telkomnika Indonesian Journal
of Electrical Engineering, 2013, 11(3) . 1221 —1226.

Qian H, An D, Xia Q. IMM-UKF based land-vehicle navigation
with low-cost GPS/INS[ C] // IEEE International Conference on
Information and Automation ( ICIA ). US. IEEE, 2010.



5510 1

B T AN 5 R K LRI

1705

[46]

(48]

[49]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[60]

[61]

2031 -2035.

Urmson C, Anhalt J, Bagnell D, et al. Autonomous driving in
urban environments; boss and the urban challenge [ J]. Journal
of Field Robotics, 2008, 25(8) . 425 —466.

Montemerlo M, Becker J, Bhat S, et al. Junior: the stanford en-
try in the urban challenge [ J]. Journal of Field Robotics, 2008 ,
25(9): 569 -597.

Leonard J, How J, Teller S, et al. A perception-driven autono-
mous urban vehicle [ J]. Journal of Field Robotics, 2008, 25(10) :
727 -774.

Patz B J, Papelis Y, Pillat R, et al. A practical approach to ro-
botic design for the DARPA urban challenge [ J].
Field Robotics, 2008, 25(8) . 528 —566.

Tlyas M, Cho K, Park S, et al. Dependable navigation in GPS

Journal of

denied environment: a multi-sensor fusion technique[ C] /2013
44th International Symposium on Robotics. Seoul: ISR, 2013
1-6.

Scaramuzza D, Fraundorfer F. Visual odometry ( tutorial) [J].
IEEE Robotics & Automation Magazine, 2011, 18(4) . 80 —92.
Nourani-Vatani N, Roberts J, Srinivasan M V. Practical visual
odometry for car-like vehicles [ C] // 2009 IEEE International
Conference on Robotics and Automation. US; IEEE, 2009 ; 3551
-3557.

Howard A. Real-time stereo visual odometry for autonomous
ground vehicles[ C] //2009 IEEE/RSJ International Conference
on Intelligent Robots and Systems. France: IEEE, 2008:
3946 -3952.

Perlin V E, Johnson D B, Rohde M M, et al. Fusion of visual
odometry and inertial data for enhanced real-time egomotion esti-
mation[ C] //SPIE Defense, Security, and Sensing. Prague: In-
ternational Society for Optics and Photonics, 2011: 80450K-
80450K-12.

Thrun S, Burgard W, Fox D. Probabilistic robotics [ M].
sachusetts ; MIT press, 2005.

Chekhlov D, Pupilli M, Mayol-Cuevas W, et al. Real-time and

Mas-

robust monocular SLAM using predictive multi-resolution descrip-
tors [ M ] // Bebis G, Molineros J, Theisel H,et al. Advances in
visual computing. Berlin Heidelberg: Springer International Pub-
lishing, 2006 276 —285.

Thrun S, Liu Y, Koller D, et al. Simultaneous localization and
mapping with sparse extended information filters [ J]. The Inter-
national Journal of Robotics Research, 2004, 23(7/8) : 693 -
716.

Grisetti G, Stachniss C, Burgard W. Improved techniques for
grid mapping with rao-blackwellized particle filters [ J]. IEEE
Transactions on Robotics, 2007, 23 (1) : 34 -46.
Durrant-Whyte H, Bailey T. Simultaneous localization and map-
ping: part I [J]. IEEE Robotics & Automation Magazine,
2006, 13(2): 99 - 110.

Bailey T, Durrant-Whyte H. Simultaneous localization and map-
ping (SLAM) ; Part II[J]. IEEE Robotics & Automation Maga-
zine, 2006, 13(3): 108 —117.

Moosmann F, Stiller C. Velodyne slam [ C]//2011 IEEE Intelli-

[62]

[63]

[64]

[65]

[66]

[68]

[69]

[71]

[72]

[73]

[76]

[(77]

gent Vehicles Symposium ( IV ). Spain: IEEE, 2011. 393 -
398.

Cho K, Baeg S H, Park S. Natural terrain detection and SLAM
using LIDAR for an UGV [M] //Lee S, Yoon K J, Lee J . Fron-
tiers of intelligent autonomous systems. Berlin Heidelberg:
Springer, 2013 263 -275.

Tamjidi A, Ye C. A pose estimation method for unmanned
ground vehicles in GPS denied environments [ C] // SPIE de-
fense, Security, and Sensing. USA :International Society for Op-
tics and Photonics, 2012 ; 83871K-83871K-12.

Su K J, Dong Z D, Huang Z. Novel SLAM algorithm for UGVs
based on unscented Kalman filtering [ C] /2012 IEEE Interna-
tional Conference on Computer Science and Automation Engineer-
ing (CSAE). Zhangjiajie: IEEE, 2012.

Principles of robot motion; theory, algorithms, and implementa-
tion [ M]. Massachusetts; MIT press, 2005.

Petti S, Fraichard T. Safe motion planning in dynamic environ-
ments[ C ] //2005 IEEE/RS]J International Conference on Intelli-
gent Robots and Systems. Edmonton: IEEE, 2005 2210 -
2215.

Fox D, Burgard W, Thrun S. The dynamic window approach to
collision avoidance [ J]. IEEE Robotics & Automation Magazine ,
1997, 4(1) . 23 -33.

Fiorini P, Shiller Z. Motion planning in dynamic environments u-
sing velocity obstacles [ J]. The International Journal of Robotics
Research, 1998, 17(7) . 760 —772.

Cowlagi R V, Tsiotras P. Hierarchical motion planning with dy-
namical feasibility guarantees for mobile robotic vehicles [ J].
IEEE Transactions on Robotics, 2012, 28(2) : 379 —395.
Ferguson D, Howard T M, Likhachev M. Motion planning in ur-
ban environments [ J ]. Journal of Field Robotics, 2008,
25(11/12) ; 939 - 960.

Dubins L E. On curves of minimal length with a constraint on av-
erage curvature, and with prescribed initial and terminal positions
and tangents [ J]. American Journal of Mathematics, 1957,
79(3) :497 -516.

Reeds J, Shepp L. Optimal paths for a car that goes both for-
wards and backwards [ J].
1990, 145(2) : 367 —393.
Pivtoraiko M, Kelly A. Kinodynamic motion planning with state

lattice motion primitives [ C ] // 2011 IEEE/RS] International

Pacific Journal of Mathematics,

Conference on Intelligent Robots and Systems (IROS). San
Francisco: IEEE, 2011. 2172 -2179.

Dijkstra E W. A note on two problems in connexion with graphs [J].
Numerische mathematik, 1959, 1(1) . 269 —-271.

Hart P E, Nilsson N J, Raphael B. A formal basis for the heuris-
tic determination of minimum cost paths [ J]. IEEE Transactions
on Systems Science and Cybernetics, 1968, 4(2) . 100 —107.
Stentz A. The focussed D* algorithm for real-time replanning [C]/
1995 International Joint Conferences on Artificial Intelligence.
Montreal ; IJCAI, 1995, 95. 1652 - 1659.

Likhachev M, Ferguson D I, Gordon G J, et al. Anytime dynam-

ic A* ; an anytime, re-planning algorithm [ C] //2005 Interna-



1706

: 3

X 4

% 535 %

(78]

[79]

[81]

(82]

[83]

[84]

[85]

[86]

(88]

[89]

[90]

tional Conference on Automated Planning and Scheduling.
Monterey: ICAPS, 2005 : 262 -271.

Likhachev M, Ferguson D. Planning long dynamically feasible
maneuvers for autonomous vehicles [ J]. The International Jour-
nal of Robotics Research, 2009, 28(8) : 933 —945.

Komoriya K, Tanie K. Trajectory design and control of a wheel-
type mobile robot using B-spline curve [ C] // The Autonomous
Mobile Robots and Its Applications, TROS’89. Tsukuba: IEEE,
1989 398 —405.

Takahashi A, Hongo T, Ninomiya Y, et al. Local path planning
and motion control for Agv in positioning[ C ] // The Autonomous
Mobile Robots and Its Applications, TROS89. Tsukuba: IEEE,
1989 392 -397.

Kanayama Y, Hartman B I. Smooth local path planning for au-
tonomous vehicles [ M] //Cox 1], Wilfong G T, Lozano-Perez T.
Autonomous robot vehicles. New York: Springer, 1990:62 - 67.
Kelly A, Nagy B. Reactive nonholonomic trajectory generation
via parametric optimal control [ J]. The International Journal of
Robotics Research, 2003, 22(7 -8) : 583 -601.

Delsart V, Fraichard T, Martinez L. Real-time trajectory genera-
tion for car-like vehicles navigating dynamic environments [ C] //
2009 IEEE International Conference on Robotics and Automa-
tion. Kobe: IEEE, 2009 . 3401 - 3406.

Kuwata Y, Fiore G A, Teo J, et al. Motion planning for urban
driving using RRT [ C] /2008 IEEE/RSJ International Confer-
ence on Intelligent Robots and Systems. France: IEEE, 2008 :
1681 - 1686.

Karaman S, Walter M R, Perez A, et al. Anytime motion plan-
ning using the RRT* [ C] /2011 TEEE International Conference
on Robotics and Automation. Shanghai: IEEE, 2011:
1478 —1483.

Giesbrecht J. Global path planning for unmanned ground vehi-
cles, ADA436274 [ R]. US: Defence Research And Develop-
ment Suffield ( Alberta) , 2004.

Chen QY, Sun Z P, Liu D X, et al. Local path planning for an
unmanned ground vehicle based on SVM [ J]. International Jour-
nal of Advanced Robotic Systems, 2012, 9 (246). doi: 10.
5772/54130.

Leonard J, How J, Teller S, et al. A perception - driven autono-
mous urban vehicle [J]. Journal of Field Robotics, 2008, 25(10) :
727 -774.

Bacha A, Bauman C, Odin;
victortango’s entry in the DARPA Urban Challenge [ J]. Journal
of Field Robotics, 2008, 25(8) : 467 —492.

Coulter R C. Implementation of the pure pursuit path tracking al-
gorithm, ADA255524[ R]. Pittsburgh; Carnegie Mellon Univer-

sity, the Robotics Institute, 1992.

Faruque R, et al. Team

[91]

[92]

[93]

[95]

[96]

[97]

[99]

[100]

[101]

[102]

[103]

[104]

Kelly A. A feed-forward control approach to the local navigation
problem for autonomous vehicles [ M ]. Pittsburgh: Carnegie Mel-
lon University, the Robotics Institute, 1994.

Urmson C, Ragusa C, Ray D, et al. A robust approach to high
- speed navigation for unrehearsed desert terrain [ J]. Journal of
Field Robotics, 2006, 23(8) :467 —508.

Thrun S, Montemerlo M, Dahlkamp H, et al. Stanley: the robot
that won the DARPA grand challenge [ J]. Journal of Field Ro-
botics, 2006, 23(9) : 661 —692.

Snider ] M. Automatic steering methods for autonomous automo-
bile path tracking, CMU-RI-TR-09-08 [ R].

gie Mellon University, the Robotics Institute, 2009.

Pittsburgh ; Carne-

Kritayakirana K, Gerdes J C. Using the centre of percussion to
design a steering controller for an autonomous race car [J]. Ve-
hicle System Dynamics, 2012, 50(S1) ;33 -51.
Ziegler J, Bender P, Schreiber M, et al. Making bertha drive- an
autonomous journey on a historic route [ J]. IEEE Intelligent
Transportation Systems Magazine, 2014, 6(2) : 8 —20.
Divelbiss A W, Wen J T. Trajectory tracking control of a car-
trailer system [ J]. Control Systems Technology, IEEE Transac-
tions on, 1997, 5(3) . 269 -278.
Levinson J, Askeland J, Becker J, et al. Towards fully autono-
mous driving: Systems and algorithms[ C] /2011 IEEE Intelli-
gent Vehicles Symposium (IV). Spain; IEEE, 2011. 163 -
168.
Falcone P, Borrelli F, Asgari J, et al. Predictive active steering
control for autonomous vehicle systems [ J]. IEEE Transactions
on Control Systems Technology, 2007, 15(3) : 566 —580.
Yoon Y, Shin J, Kim H J, et al. Model-predictive active steer-
ing and obstacle avoidance for autonomous ground vehicles [ J].
Control Engineering Practice, 2009, 17(7) . 741 -750.
Geiger A, Lauer M, Moosmann F, et al. Team AnnieWAY’s
entry to the 2011 grand cooperative driving challenge[ J]. IEEE
Transactions on Intelligent Transportation Systems, 2012,
13(3): 1008 —1017.
Tran T H, Nguyen M T, Kwok N M, et al. Sliding Mode-PID
approach for robust low-level control of a UGV[ C] /2006 IEEE
International Conference on Automation Science and Engineer-
ing. Shanghai: IEEE, 2006: 672 - 677.
Ma Y, Xiang C, Zhu Q, et al. Design of fuzzy enhanced hierar-
chical motion stabilizing controller of unmanned ground vehicle
in three dimensional space [ J]. International Journal of Compu-
tational Intelligence Systems, 2011, 4(6) :1168 - 1178.
Xu X, He H G. Neural-network-based learning control for the
high-speed path tracking of unmanned ground vehicles[ C] //
Proceedings of the International Conference on Machine Learning

and Cybernetics, 2002. Beijing: IEEE, 2002, 1652 —1656.



