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Improved ant colony algorithm and its application in
obstacle avoidance for robot

PEI Zhenbing' ,CHEN Xuebo®

(1. School of Electronics and Information Engineering, Liaoning University of Science and Technology, Anshan 114051, China; 2.
Graduate school, Liaoning University of Science and Technology, Anshan 114051, China)

Abstract ; An improved ant colony algorithm is proposed in this paper. Firstly, in order to overcome the demerits of
the ant colony algorithm, such as low convergence speed and easy to get into the local optimum, o and  are dy-
namically adaptively adjusted by establishing an interlock between alpha ( pheromone heuristic factor) and beta
(‘expected heuristic factor) in the searching route process of ant colony. Secondly, in order to prevent the ant colo-
ny algorithm from falling into deadlock when facing concave obstacles, which decreases search efficiency, an up-
date rule of the generalized pheromone is proposed. Finally, static modeling for a known environment is conducted
by the grid method. The simulation experiments showed that with different scales of TSP, the improved ant colony
algorithm is feasible and efficient. In addition, this algorithm is applied to the obstacle avoidance of robots and the
results are effective.

Keywords : improved ant colony optimization; interlock ; robots; obstacle avoidance; grid method ; modeling; con-

cave obstacle; deadlock

PR LA 2L S AL g A U rh — A A B
77 1w T T 45 Rl R B (4 PRISE |, ] iy s T
BEAFH) T4k — S U AR , SORPLAS NS AR AL o
AR AT PR, AR R G SR Y RIS

KfsHEA.2013-11-07. ML HA AR 2015-01-13 .
E£WH . HKARFEIL S %I H (60874017).
BEEE . EEH V. E-mail . xuebochen@ 126.com.

N R4 Dorigo M 45T 1991 AF1E7A A2
FF B — R BN T A2 iy 2L ( European Conference
on Artificial Lif, ECAL) b 421 T — g 2L g £y
AR —— WO AR O R A i R S L
ar NFS AR R N AR L, AR T4k — Ak
0y s BN R ) B (I B AR, RSk [ 9K A 20
A AIFATIHRNLE 5 T 5 AT A LS & BA B



551

SEIRIT A5 IR WO SRV MR AL sl e e i 137 - 91 -

A EFRVESF DL AT (EHR RIS 55 B T R B dee
TS [T B 3 00 5 0 W A BE B HL B DRy 5 )
5 (2] .

SCHVE TR A G Tk B A Y SRR 5
N BRCHEWSCHESA 1% | B8 — B ICHE B 0 A ) T it ) 2od
b WO SOH B8 B 5 B AR i G , i
S a(fF BERE KA F) BTG KA T) i
BOCHR , SIS AN EE o By HUET X WU 3L 7E
[EROILIVA R G771 EUN AT C2 RE v & T T
INPEEYSE iR It <8 b Sria RS s e
VLT O ERT He (LA TSP AR 05 B | 5d 5l £
FLAG AR T RO vk A 4 e WA SR R R S
VLA SRR e T T B T AT PR RSB . IR B
PEWCGHE SR BN AR, i () B2, s
TSR ACR B IR T IR A B A Rk
PEFISEHIPE (FHIMIAS 2k EA T PR A L), e, ik
7 7 ifE— L s 500,

1 BBHEEEARERHFER

BB PR RN 5T 1 SR TP S R TR A
S, G A B 2 B M I VAT L
B AW TERR AR BT DT B, (I 30 20303 11 B
o LR — R IR I 40— 15 B 2k T4
T MR LA BRI 0 £
3o BT I A 13 T 2 ) 2R b B T
fl S 2 SRR B i ELAT S SRR AT 5L
0TS Al 7 e A LSBT B P, i
T2 L 05 LR B D5 4 TSP DR SR

WL R (k=1,2, 0, m) (EIE S T R 4 4
BT 0155 L D E LR R T 1, AR tabu,
(k=1,2, -, m) HIC TS b >4 3 S 3o 795 24
DA 2 5 B 1 135 8 B R e 2 15 0K
RSB AER, PL(0) Fm ¢ 21 & i
S FER I RS R

[r, ()1 [n;(0)]°

P =] 2 1t ]

sCallowed,

,j € allowed,

0,/ ¢ allowed,

(1)
(D) I, 7,(0) Fom ¢ WZHERSAR (G, j) R ER
i ;allowed, = { C—tabu, | /R & T —2 ik
PR R o AEERAKHE T (o RIEE RN RS
TEFE B R T AT B2 ) B I R KX
H7-(B Sl 18—~ H AR i 1Y FE B AR 45 T WO
ol AP B X E ) B B EBOR, IZOIR e

FOME AT T 50O M 5 m, () R Ja & RE, 3R

kX (2) ",
1

n;(1) = a (2)

d FRA BN R Z B Y, X I & T

d BN W (o) MR, P (o) WAt AR R . B4R, 1%

KRB NI O i RS T A R

XU K T, E B RO W S — A B 8 O i

B oo AT XA R G B T AL B

XFPTR RSB 1 R ICAZ 0 R L, TR R S

SRR AR 4[] B, A7 it 78 K B v ) TH A5 R BE

E NIRRT TR A, L 20500, b, e+n BEZ

AR (i, j) BRI B i (3) f(4) #:47H

L
m,(t +n) =(1 -p) - 7,(1) +Ar,(1)  (3)

Ar(t) = zm:ATz(t) (4)

p FRE B RIERZH N 1-p Fon 5 B R 5k
BIAF 0 TR IEE BRI R p MBEE R
pe[0,1);Ar, (1) RRARRAEIR AR (i, j) L1
HE R WA R AT, (1)=0, ATi(1) FRE &
U e AR YA B P R R AR (i, ) BERIAE R

=[9]

H o

Horh A7l () 4K (5) #EAT

Q Y kb b
Art(s) = a,fﬁkﬂﬂﬁ%ﬁ)&éﬂ“w)ﬁ(l,]) (s)
0, % k HIEBCR 25 8 (iL))

Lo b SIS AS A B oh BTk 2 i B AR
FE,Q ME BRI,
PR & il S

S G WO A AR E, SO 0 St Bk
FaUE ) R RVE SIS A E NI « B HE,
AL G EE T E o B, M4 i B il
SRS JT b B S A de A5 2) S T kA O 7 T X
[MIJE BERS-H B) 25 25 B A L b JF s ABSEBCIRAS | itk
SRR S B R BRI A A% e O Tk
SIS RSP WIS
2.1 (oA

WO AVEAE SE O R b, R AR SR X 2 Ui n)
BT AT AR, BT — 2 e PR 1 A BB N AR T
[R5 0 X RERE 2 T ECA Ll W7 16 M BEAS 4
B, i & B A Lm0 SR T S TR (Y 0, i
MHEATER R, MIE RS A 1 iR, B
7 143,142 2453 2541 ,3>4—1,3



<92 - BB AR

,}—Qﬁ'
g

i 410 &

—4—2 S [ A I R T AHE A JERE” 1 B A%
M KR 145,245 345 EFEA MK S
YIIFaE N FER” AR . WRAR A7 I ML A M B
TR BT B4R 2 ol I 2 1 A 800 L 1Y)
B /N IR I ORI | XA (H 23 52 ) i A0 ik 1) 45
T, BRAREIEICSICE B | 38 250 2% Jey 3 e e A 0 2
A WA D B AT I R A SRR BE AR
BIRIFRAF IR B E 15453, 1542 fUHE
B RIRK TR 123,12, W ANZ IR AR | iyig
WAGCT T, DT A WO RE B AR AR 7R — 2
PRI RRAR T WO R IE K T8 R ],

B MEESY
Fig.1 The concave obstacle

XF T M B R, — i DL A% Ak BT VR R AR
SR AR o SRR ) DR B i ) A T A AL B
RIS B304 EA T HECRD , 33 b )7 125 B AR R LA B M1
WA, E UG Xof B 55 110 365 7 P A 4 I vk 1) i
FTEREE , HAESCBRIREE i Z AT

LS RN P DN @ AU §iid Y T3 R
ey RIS SAGH T, 9 R I 2R 25 (8], A GHETT M1
GRELY/Ps | A S I F P G
22 HBEEHER

EX 1 oSN HIEN I, 246
S a(fFEFRF AN T) 5 BOWER &3H T) 1Y
AR, RIS AR £ AR NC, a B 23X B H
ANTF A, E MR A R R RO R s ] fiff
TR IR AR R RS Ry R R

ARGE SR RS 00 F 8 0 3 50 B A5 U
RHT o FEHE S A T B, R LA EL NC 1Y
s AL a(NC) ,B(NC) AR HE o B, (6)
(T HEAT IR

a,,NC < NC,
a(NC) =45a,,NC, < NC <NC,
a,,NC, < NC<NC,,

(6)

B,,NC < NC,
B(NC) ={B,,NC, < NC < NC,
B,,NC, < NC < NC,.

RSN T RBP4, 50 6) (7)) T E
BIRERT o AHEG KFF B R EBKR,
Bl a,+B, =M(Hrh M h—EH), BT o BEEK
ol /N By (o SRR 1 1 2R ok R P AR R A
5 HANBGHSTE T o B BVBUEZ S5 04, Rl
WA BT, i E Y 1<a<9,1<B<9 FFH
TR B AL B ST ARG BRI 2
BT, AT 35 2 [ B By BRI & X
FEAF T m AR Rl G BB AT a1
<a,<5) FEBUEESN  FXF R R & B(S
<B, <) BUEER K" s Bl AR BIE N, 45 5% M 4%
FIfE B RWAR TR, Ui v E B Z W E b+
EORRE N RHIT R R IMEEREHT a(5<a,
<9) JelURRAE, A X 7 i 28R & U 7 B (1 <
B,<5) BUEH /N s W AR B AR 2238 i, ok 1 Bl
1E 15 B R AR 1 UL HIE T R AR
e, DETTRACR 45N S B R h E RN &R B
B ERT a(1<a, <5) SeBUEE /N, FXE R 32
fa R T B(5<B,<9) BUER K,

EX 2 J7EEREHAN, AR iy
FEFEAR A R B b 6l 2 DY R AR 4 R FH BT A
IS IR 5 IE B RS EIPA R T L7/ P PN T
Xz g FAfE BRI Rk I E" 2 il
F Y B P A A < FEBE B, Sk T AR IR & A i
TR R A 0], S A2 1 05 B R T B R«
KIE

BB i (i=1,2, -, k) HAGWAE ¢ B 20 B % 107
Ji(i=1,2, - k) IR IRFEAL BN DL BER A 0 A2, )
AR L RE B (8) ~ (10) A THHT 7

(7)

x,(1)= (1 -X) (1 -p)*Ax; (8)

Y- 1, 550 Hg gk A SEa (9)
0, &5 ¢ H by R vk A SEE

Ax; = Q/d, (10)

S A,y 1 IR ZEBRAS J, L RS B
B, SR KR U L Q REHG 1-p WIS B
LU R R p WARHENT 1 58>, Y ¢
I S LR R I S 1, WA i E B A
j AT RBERS N H W A [ B I oA 3 A BTN
AL

BRI S T Bk HIE e 55 0 HE iy



5511 SEIRIT A5 IR WO SRV MR AL sl e e i 137 93 -

B A MDE R -2 ASE80, X (8) ~ (10) AT UL, HESSW | K SHEE S G RO AT
HF X =1, e j, B R o e ANEIRUBIRY TSP b AT 0 FOX b, RSB0 45 5 i ]
> AT AT BB ASE B85 o
HA(8) ~ (10) 1T 0L, Bl N 9 ABTHE A EL 1-p e | e
[0,1), % )I%‘l/‘/{ T‘ééﬂ(ﬂ’]ﬁﬁﬁ{}jﬁ B g A% 7 ji ik 3:0 pll R
(5% x M DB WK AR TE, _ 29l
2.3 Eilﬂ:ﬁ EXUMTR %‘ 2871 VE . ﬁ{ﬂ.#’i""l'ﬁ-“wﬁ'ﬁ I._H,Lﬂ;’ili!&;", TR o
1) WAtk @ 27 Ve
PR BT RS 0 10 K 2 AR N, =2
BRSO m, LK p, Q B MR TR ral B
2) $EJE%@*E}E$ chih:‘l:#/l\ﬁﬁ Hj >3 0 SI(] l'E)() 1I5(] 2;]0 2‘50 3I()0
W e B AR R A0 (1) AT R P o B AU
MEFE(6) | (7) FEATBHAS H 3 N R B IR R
22 JFr B s PR A T, 34 21 2 BT R TRRMTARESROER
AR Fig.2  Average distance and the shortest distance based on 32 goals
3) st — AU — HD I TR A A AR x10°
K A4 S 2R
- 42 f — MRk
AU T PR VO 0 R B K 1 5 ol
i3k IF S AJIAELEH CELL, 53%
4) BHHEE 2 36 r
¥ i Mg
R 45 AR 1S S ET T T, 5 L U 5 £34W# e o
A A TR 0, 0225 000 1 9 215 1 3yﬁiﬁ o
FHA(8) ~ (10) HEATHHT AR (3) ~ (5) owee
%‘f%%ﬁ 2‘80 50 100 150 200 250 300
S) P Bt
MR IR B T s 2 e KIER IR Ve, 3 EFS6oNNBRNTEHNEBEREESR
B A W Y B U e R AR S EH‘ 3B H AR JL Fig.3 Average distance and the shortest distance based on 56 goals
0t AR “00- I
3 R LR E A
- 600F | )
3.1 TSP {AEEGIRIE = so0l !
AT SR S TSR B 2 T 4 A Eaof e |
M BEX L GECRES DR BA TK 5) W R £ A DU
e, ARG GEBURE 5 AT H, BT TSP 7 B ool . #, e S
AT AT SR SR R AN 1 TR I e
K1 SHIESHHA 100 150 200 250 300 350 400 450
Fii 1] P 5 /m
Tabl Parameters setup instructions
- B4 RMALBE
ZH Fig.4 The optimal path

ik

m« Pp 0 M alaFUR. 2 N 32 A HARRRISI LA,
FEREBERE 3215 03050 3 57 56 A FARBER (7 2L 12 3 ik

s 1 FNOR (O (CRRGESHIE SR RS (1
(i 2.3 10 14 A R R I 5

SRVE IR 05 ELA L ;R 2020 e B R B AR B



<94 . BB AR

e
=¥

S

510 %

PiEXTLIE) o Bl 4 SR el mOE ki Iy 56 1~ H
PRITE R B0 E L AR (1 R s H AR 8L, 56 A%
1EEFRRD .
B BB Hr ke 2 s .
x2 HEHE
Tab 2 Simulation data

wRERE, EEEE/ EiTatE,

m m S

Ak

5 OB Bk (G )T
B 2.4417e+003 2.8580e+003 32.156000
32 ~HEr)

ACHE R T (Ol T
3 2.3966e+003 2.7204e+003 29.172000
32 4~Bir)

5 WO B (R )T
- 3.0148e+003 3.5129¢+003 59.316000
56 ™~ H#r)

ORI (il 7
- 2.9426e+003 3.3599¢+003 43.204000
56 ™~ HER)

2 A LLE I, T OREFELR) TSP {5 55
5], CACHE ) ISCRE AR T AR A5 19 5 S IR 5 S I R
B AL FAE G W v, B A s 47 s el /> T 1%
SRR . A [R) AR LSS X b, B E T
ST LB A A B B T A T A R
3.2 MHERTENES AN B FERS AR A

R T 20 e E e OB B VR B AT AT K T
PG WO s I EIHLES AGRERS SR 108 T U
FIEE RS MEEAR , R WS L BT # S B AR
BEH [ B T BT 2 oA T Ok A AR R
Pt BEHLAS B TAE S Ak 4 1 A BR
X3 AS, EIG A B A EPRAS E, SCH AR LRI BT
FEHEN A A fe e, B S48 — 25\ B 3] B kT R A%
YA TAESSIAIAS Hr 2004~ 1 x 1R/
HI T RS, AS BRI A 10 47 x 10 %1, Hefd i1z
[l Y H A5 R AT 2o = (1) .

L= 2 (xl.—961.71)2+(yi—y1.71)2 (11)

A (o, v, ) WEEAR A AR, 0 R BEAR UBCH L
BRI L M ZEBIAT ML BT B U
W& AT 45 (1~100) |, [ LSS A TAEZS [H] H
M AT N Y& AR, Horb B i As 2 Ko 1 R IE
TG/ K B i 40 Pl — 1> — 4 04 4 B map
(M,N) s
1,505 p 17505 q FIMHES LA pans
0, HAth

map(p,q) = (12)

SIS T SR R R A% G R v 43 A
IR AR I ERE Hh R AT RS ShHL AR AR R (L
MR R 1x 1 IE 7T, H RN SR R R4
& FE RIS S BUETE E 0) o SCh AR 1 B 52
I e A MATLAB BUE 53 #71 T H T #4710,

FESXW 2 SCRAEH 10x10 #i4& 5, %
FE R S B S 1, BER A ROHIS ¥ 5 100
(AR XS oz B4 5 e R IR 2B, M 1
F RN 1~100) , BARSZIGZE R ANE 5~9 FiR,

0 I 2 3 4 5 6 7 8 9 10
E5 EFU#NBEHEEINNEAZIREBERL

Fig.5 The obstacle avoidance path of various generation ro-
bot based on the improved algorithm

18.5¢

18.0F

AR /m
3

0 5IU I(IJU II50
AR B
El6 Wrisimsk (ETRtaEE=x)
Fig6 Convergence curve (based on the improved algorithm)

10 ,

o

8 [—

’? - L~ |

6 K|

5 - -

4

3 oK

2 AN

| L
BN

0

0 1 2 3 4 5 6 7 8 9 10
B7 BETESEEZNNSASREBERZL

Fig.7 The obstacle avoidance path of various genera-
tion robot based on the general algorithm



5511 SEIRIT 45 IR O SRV B AR AL sl e e 4 197 - 95 -

0 50 100 150
AR EK

8 fRGTHIBE B AU ih 2%
Fig.8 Convergence curve based on the general algorithm

9 | ‘ | | | -

) 1 2 3 4 5 6 7 8 9 10
9 #HlEE NEHER KL

Fig.9 Robot obstacle avoidance optimal route
5.6 Aol iR A R 225 150 YGRS s 21
Bl A A AR B s e B % 17 ) e 4 e st 25 141 7
8 ML 20t 150 YOE AR Frfs 21 AL AR
AR I [ 0 SR 7 1) i 2 W SO 455 141 9 Ay
TR O S B A LA A R A R AL B 46 5
if IR EAE R AT DA AT 4518 .

1) W& 5.7 XA, mT RIS 2 T ekt i
SR B AL ATE TN [MDE R fs- ) I A B 22 1 1
PERETT ME B g ) 10 4 42 B A PR B 1 3 SRR 1Y
PERE ; T AL TAR GRS i 2 ACHLAS N FE TR X U]
A REE N1 SN LD i NS A e R i
PR R R B, DT 52 0 2 B4 B

2) I 6.8 X Fea B AT A i otk WO Bk
IR &s A TE ME B A5 1 PR 58 vh 225 40 2GR
WS fe P A 5 T T A% e R Bk AL 2 A
283 80 ZUGEMRA REN SR Bl A, AR Bk
WO AU S50 B B A TAE GE Rk

3) B9 Ml HEs Rk — LIk 7 Sk A
AATPE SAE DR B4 vh 300 0 e 580k

4 HRIE

TE 5T WORER R B S b i ST A 0 O vk
TERG T fife 04 A P S SO 18 HL A 5 B A TR T e

0, 30 T 32 HIE N o B R 5 U X
ERILAE DO MIE B 5y B ASEBE, 4R T X
GRSk WL RO i Sy ) 6 N RS
— PR RE A TR ey, D5 A R o | ki
e —E R B AR U A SO R AN T
TG IL A 5 A R R 5 RS
R RIS I B ML A8 A RERE , O B T Ll
THHOCR , P5 B R — B Ak T Rk Ay Ay
P B AE M B Fh A3 B B B T 4R R A A2 Y
PRI, AR ZAL % R BRI S E
TNFREL, Q2R R Bh AR TR, WAL AA— 2 BEAL
YHEBME AR XA R UGS T P
PEFIBTFERI T, NSRS SR o 21 A 25
S, UNJC N B A v AT R AR AN R B DL T
R R R B A JO AR A T 3, R AT 48 = S

SEHL .

[ 1]COLORNI A, DORIGO M, MANIEZZO V. Distributed opti-
mization by ant colonies[ C]// Processings of the 1st Euro-
pean Conference on Artificial Life. Paris, France, 1991.
134-142.

[2]FAIE, SRR, JE T oot O Bk A B A5 PR 5 B A
HIEFE [ 1] RS -, 2013 (7) : 61-64.

XU Lichao, ZHANG Shiwu. Study of path planning in obsta-
cle environment based on an improved ant algorithm [ J].
Machinery & Electronics, 2013,(7) ; 61-64.

[3]RGME, IR I L, 1 IE B . — b Bk OR35S e dc J
BRI ] AR SR, 2011(7) « 202-205.
ZHU Shaowei, XU Futian, TENG Zhaoming. Application of
improvement ants algorithm in solving shortest path [ ] ].
Computer Technology and Development, 2011, 21(7) . 202-
205.

(412, B/GE, XM, 2. JE T OOk R 5h

PLAR NS AR AT ). 441, 2011, 39(5)
1220-1224.
LIU Changan, YAN Xiaohu, LIU Chunyang, et al. Dynamic
path planning for mobile robot based on improoved ant colo-
ny optimization algorithm [ J ]. Acta Electronica Sinica,
2011, 39(5) : 1220-1224.

(5] Beigie. WONSR R R O [ M. dest. BRo R
#, 2005 176-181.

[6]GUTJAHR W J. A graph-based ant system and its conver-
gence [ J]. Future Generation Computer Systems, 2000, 16
(8): 873-888.

(7155, B, EIEE. SR LR b A e R
[J]. FHENEE, 2012, 40(1) ; 314-316.

ZHOU Mingxiu, CHENG Ke, WANG Zhengxia. Improved

ant colony algorithm with planning of dynamic path [ J].



. 96 - B R

9510 %

S

Computer Science, 2012, 40(1) ; 314-316.

(8] T, MRkAC. WS VAT R Ak i S A8 ) R oy el ik
Mg AL RS, 2012, 48(13) : 35-38.
WANG Yue, YE Qiudong. Improved strategies of ant colony
algorithm for solving shortest path problem [ J]. Computer
Engineering and Applications, 2012, 48(13) :35-38.

[O1RAHL, 25/ 8, MR, 55 SO BRF IR TERS S L 28 A B

BRI s [ J]. WORBLS R, 2013, 32(4) : 67-
70.
ZHAO Kai, LI Shengjin, SUN Juan, et al. Research of im-
proved ant colony algorithm in mobile robot path planning
[J]. Microcomputer & its Applications, 2013, 32(4): 67-
70.

101N, Wi, ME . LT ot SRR E M shil
e ANESARALRILT]. e T A sk, 2010, 29(8) : 69-70.
WEN Ruchun, TANG Qingbo, YANG Guoliang. Mobile
robot’ s path planning based on improved ant colony algo-
rithm[ J]. Ordance Industry Automation, 2010, 29(8) .
69-70.

(U] SRFR, BREUE. | SO i S AL R N OB AL e
MR T ] BP0 5 TR RE, 2007, 19, 20(3)
3-8.

ZHANG Ying, CHEN Xuebo. General ant colony algorithm
and its applications in robot formation[ J]. Pattern Recog-
nition and Aitificial Intelligence, 2007, 19, 20(3) : 3-8.

[12] JACKSON D E, HOLCOMBE M, RATNIEKS F L W.
Trail geometry gives polarity to ant foraging networks [ J].
Nature, 2004, 432(7019) :907-909.

(1355 9RtE, KL, TR, HE TS A ALa A Bs A i
T EARTELT]. AL, 2012, 29(1) : 135-138.
JIA Zhenhua, SIQING Bala, WANG Huijuan. Path plan-
ning based on heuristic algorithm [ J ]. Computer Simula-
tion, 2012, 29(1) . 135-138.

[14] AI-TAHARWA 1, SHETA A, AI-WESHAN M. A mobile
robot path planning using genetic algorithm in static envi-
ronment [ J]. Journal of Computer Sciences, 2008, 4(4) ;
341-344.

[15]YAO L M, DUAN H B, SHAO S. Adaptive template matc-
hing based on improved ant colony optimization[ C ]//Pro-
ceedings of International Workshop on Intelligence Systems
and Applications. [s.1.], 2009;1-4.

[ 16 ]BROOKS R A. Solving the find-path problem by good rep-
resentation of free space [ J]. IEEE Trans on System Man
and Cybernetics, 1983, 13(3): 190-197.

[17]1JANET J A. The essential visibility graph; an approach to
global motion planning for autonomous mobile robots[ C ]//
IEEE International Conference on Robotics and Automa-
tion. [s.1.], 1995; 1958-1963.

[ 18 ]EMILIO F. Real-time motion planning for agile autonomous
vehicles [ J]. Journal of Guidance, Control and Dynamics,
2002, 25(1) :116-129.

[19]BONABEAU E, DORIGO M, Theraulaz G. Inspiration for
optimization from social insect behavior [ J]. Nature,
2000, 406(6) : 39-42.

[20]DORIGO M, DI CARO G, GAMBARDELLA L M. Ant al-
gorithms for discrete optimization [ J]. Artificial Life,
1999, 5(2) . 137-172.

EEE
KPRt 55,1989 4F A B LB Y

A, BT 0 0 REAL AL Bl as A

PRAERLA

M0, B, 1960 424, #d% , i+
A, E A Sh ik S R Ll
TRETR, FEMARTHINERER
g BHERRESE, FRZTER A
BRI ST H , HIRE 2 135,




