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Abstract

As a classical but difficult problem, multi-target searching and entrapping in a swarm
of robots have received more and more attention in recent years. The capabilities of
individual robots are often considered limited, multi-robot systems (MRSs) can cooperate to
complete complex tasks through local interaction. Compared with the single robot system,
MRSs has the advantages of strong adaptability, strong expansibility, and high reliability.
Like the swarm phenomenon in biological groups in nature, swarm robots can generate and
transform the pattern of the whole cluster to realize various tasks. At present, swarm robot
system has been widely used in a variety of realistic scenarios, and control algorithms of
multiple kinds of swarm robots have emerged in an endless stream.

However, most existing approaches for addressing this problem rely on unrealistic
assumptions such as reliable communication links, available global coordinate system,
known environmental information, and central coordination among robots. However, most
of these approaches do not get good performance in real application environments.

Therefore, this paper proposes a stigmergy mechanism-based framework for searching
and entrapping targets in unknown and communication-restricted environments. Inspired by
cell mechanism and biological collective behaviors, the framework improves the traditional
inverse ant colony system and combines it with the Radial Basis Implicit Function (RBIF)
based Hierarchical Gene Regulatory Network (H-GRN), which is mediated by pheromones,
to realize the collaboration of swarm robots.

Specifically, the framework is divided into three stages: target searching stage, target
tracking stage, and target entrapping stage. In the first stage, the robots use their sensors to
perceive the environment and search for targets, and then release pheromones during
movement according to the improved inverse ant colony system. Each robot communicates
indirectly through the pheromones remaining in the environment. In the second stage, some
of the robots that find the target will track the target and release pheromones, while the rest
of the robots will gather around the target along the pheromones. In the third stage, after the
swarm of robots gather around the target, the pheromone information in the environment
will be used as input to the RBIF model to automatically generate a flexible entrapping
pattern. Finally, a directional vector will be generated based on the improved lower layer of

H-GRN model to guide the robots into the entrapping patterns. Simulation experiments on
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different scenarios show that the swarm robots can quickly find the target in the unknown
environment and collaborate to entrap the targets, which proves the better performance of

the proposed framework compared with the traditional methods.

Keywords: Stigmergy; Swarm Intelligent Robot; Inverse Ant Colony System; Dynamic
Swarm Robot Trapping; Target Searching.
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Aty;(8) = XFo; ATf (D) (2-4)

Hrp, pRTHEERERRL, HBUEER p € (0, 1), At (N RIS
Ry R DG R BRI, AT () Nk ST — E R I R T R i 4
B B R, AT () H AU BA (Ant Cycle System) JEATHEAPS, IR
N

Q/Ly, BBk Li b & M%7

(2-5)
0, other

ATH;(0) = {

Hrh, QNERZRAERL, ARMAFRILBERBE B R4ntfiE, LR

NNk RSO UGE VT S AR K B . BRAb, 0 Stei ZI BT B A E T S R

I Hoadad o bR B & B 2 (B i i) B IUE B . fEZ2 ARG, RIFT133)
— AN AT N S AUAE B N B A A
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ER AR S (g A ARA T M L T 5, L PR A A 2 S 1 BT 0 ) ol v FEE 8 A L T A 2 2
2, A A7 T 5 E S BALE . @b X REM 2 THME, a7 B iR S0 3 B H
T AR GEAT N
2.1.2 WOBEE LR YL IRAT v 1) R

ST SRV A St R FH R SR A A 7 I A B4, e L A 6 R R 1)
MARAE S, AT A O S 2 AT B PRI 1] — BLET R i 5 S i A Il iy s 75 ER 2%
RPN FY o SEBR_E H AT I 2 1035 BRI & — AN AT 7 1) R A D — il NP-hard
[ R, PSR ) ) SR A — IR R R BN E AN . ARG TG o S FUE), ik
FRRNTEDSL, ShAS AR, SR, Bl A U AR K, X RhER s b IRRS A SR i
PR B BIR I R . PRI, SR AL A 1 A — LB ALY . 8 R U R ok
BEATSRME, JEIRME T RIUFIMERERIL, WU RIRE R —Fh.

AT R AL RR I — Ao B — AT R AT 0 %, FRERIENL, 2. ... n
FAEE TR, BJE IR EITT0. AT RPN Z AR O, SRS IIAT
FEMEL . KU, — Oz A — NEAUEG = (N, 4), HAFNZHAn = |N|
AN T S, ANRSEERE XS SHAES. W 2-2 fik:

4

B 22 ATHEATER (A¥550, 1, 2, 3, 4 90 AREAANRT)
EAREER S, EPENT 2 AEL E R T 2 M EE s, EHEA
[F] 1 AN 2= FEAARIMATEKEE, AT BT W5t UL S s AR U & 3T, O
R i 55 AN AT B RIS B 2R o RAT R ) R AR ) R e — R R B R A
TILR:
1) MK S @k K8, KR EmE —MUE, AR AT Z R
FEES.
2) LIRS AT A E A U7 n) AT B 2 RRERE U TR — K.
3) BEHEMEENXEE: TSP W@ HE BRI AT i 5 BV F 3K

11



S R AR 22 AR S

TR E . B R AUE BAE — M-S 3T A Tl j 1) R B e L
4) fEMIR R T R A RS M BENLIE R R IR T Ok, AT — RIEARS
WA [ AR R S 0 — N A U T 3 IR T o 4 BT A IR T AR AR S T ) i 2 S
R AL AR 2% 1
AR SRR AR B 2-3 . &5t 2-2 dr i i) i, fi R MSORE ST I X oR 13
MR N0 ->1-54-52-53-0), HEEREKEAN 23,
TG

T

]
ERIKEN «— N+1

| B k=1

!
| kel |

| He BRI 2 F— Ml |

sk e®

| iR |

i
B 2-3 BEEH K KAERATE P A6 K A RAR

2.2 5 EERFREN L

2.2.1 EFFEMNENH

FEREA A AR A, AT — A 20 0 A AR 5] AR 8 A% 45 L, RV [ A 2 R R T
— AN EEREA R0 A FH R P R RIB I AN A B, HA ek o e P I &
S LN R R UL, B A5 B DNA %38 3 8 15 11X A i R 2 A BE
RIEHIRE, — A R D80 S AT ARIE, R DR AL AR GE 25120 i
RIZHREZER, A it b i 3 P 8 1 s i A K

12
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EYIE R AR MR AR, BAT VAN IESRIE SR — R4
VLR . VB KA SZHER IS4 (GRND FIEREZ (1152ma P890, 5] 2-4 #iik T
— AR A A i A0

M IR ge ©.0
@9 w — 0 8 .

0 OO O
HRAET

(RAR) O\ / .

B 2-4 AR &K EEG AL

S DR A 1) B R AL S PR (R SRS A A BEAZ IR (mRINAD [RIBH1%E o R A 4%
FERAEEZAIKF L, BIODNA JKF ERJHETE, Bzl Mgz, @Ay
A A DR 42 R] DA S AR AU DAIE A B (R 324, TX SIS AT % — B A (Y AT ]
Wik @2 =Y EE R R R A A TR R AFIAMA R & LR, X250
P BRI 1T EAEAE R AN . SEPIRAR AT T ) 2 A 2 R0 AR A
AR A A 71 304 2 () B BT T IS SR, AR AT DA i 2 5
IR HIRZ R IR EATR S R AR A, WAl LS 2K & & X o
YoJst R pe i, IR L G R IR A Tk b, 7 8 KR G . AR A% TR R 7T
IO FH 35k DR 2 1) S B e A DR R, i AR DRI 28 R BB AR 3 BT A 7 S R
X

BEAL, FEARAT N 5 AMRAT U Z 18] Y WS 2 SERUREN LA N R S TS S RS it
WEFCARZ D R — o HAT, SR M BRI AR S S 25 58 B A AT D T
PRAT IIBRGT o 40#-ERBE 02, Rl i %, B AE ) NS A G U VR TC R AR i 1
X AN S RN A B FREE, T A= D5 428 ) 4 B8 52 A= W) “DNA-RNA- 2 1 i =38 [
U LB R A, R RASEIU BEALAS A LS NIRRT sl DR, A
PLER NIESE RS AR RErh,  BE AT 2 0 23 AL G BEAE

Bk, GRN AUy — ML K AETE, ERANLE AR OE BAS 2) 1)
Z BRI A B AR AU, GRN E S A Rl A 422 ) | SR ZEL 2R 45 B Ty T ke
EOVEH . GRN AEALIH L IR 3L K 5 5L R ) 2 I A AR, 0L 17 4R S5 hL
25N TH] (R R Mg Ioe , ATLES N 1) P RS B B AL T 4 v 1 B 1 SR, S R
R, HLES NPT DA B S B tH B, X 7E S AT IS 2R it A 4 1o,

B FE AT GRN A b 3[R b5 2 1 5 10 56 28 W] DA DA Bl 75 AR A Ak o

13
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dr

—=f(p)—Vr (2-6)

dat

dp _ _ _
- Lr—Up (2-7)

Forr fp 73 G 2R OB %8 R R IA KT 1) mRNA WREFIE EIRE . VAIUZ
MRNA A1 A H AR R . f(p)&—sigmoid %L, HRFME mRNA I IRE,
LA 2 AT I A

KT HARB RN NTEAS A B0 58— M 73 R W7 10l SO0 5 1) o 22 S A
FELR . AR S AR R B SRR T AT 9T, T AOW e ) A4 P 431 J2 T
BEATHIFT o JR IR 42 X 2 2 TR REA LAl AT 2526 e AWOU R 8 7 THI 1 — AN SR AE 42,
NSRBI N B AR AT 5% (R FU 258 T IR SE YRR

2.2.2 T ERRFFEMLE RN

LT DR 45 90 28 2R 0 T 9132 B8 HE A7 “DNA-RNA- 2R [ = % R Tl
S F NG R TTIT . 525 2 250 s e S TR U6 1 = 76 06 BTk R, R eH
T I T RS R 4 O R0,

Oy LI 4 L T RRALR, _E RGBT A 10 A 14T AR
TS, (R S LT R BEREAAHL S ATE F 43 BV e A 0 P T L5
AR EARIEE TR R IR 50 SR IR 5] FREAHL S A B LB A et o 22,
DL H AR TC T M3«

Environment input

Diffusion

Layer 2 . Region-reaching logic

I Gradient Z;

Diffusion

Agenti . Agentj]

B 2-5 » 2 A HiAER %A (H-GRN)
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HARM S, 7 AR ANES N B ETEE, B4 H-GRN #A R 2RI (E B
(W BF LB RS 1NN, 76 H-GRN B B2, R ZLE AR5
LR 25 Rk A e S H bR A A AR

CZZ‘ =—p; +V?p; +v; (2-8)
=Xl (2-9)
% = —g, +sig(p, 61, k) (2-10)
5% = —g, + [1 - sig(p, 65, k)] (2-11)
%% = —gs + sig(gy + 9203, k) (2-12)
sig(x,2,k) = — (2-13)

Horbp R T ARG, Ron 28 A0 BARE AR . PRt i 5
T BOE SO AR 1 i S 1PN R G R AR YT UL A
pWIFHRFIRHK H BT B hrn IR R, kA—IEFE, FSk¥EHSigmoid s 3
o g1 9oMgsFoREEFURE, HAREgsE X T HAnEAREE, HN B
FERIRIAN . — RIS, B AR, g IMUCRIKIESN AR, HiEd—
APRALTE IR, g3 BRI —DPACHIMEE,  TF OS2 — A B
£ H-GRN M 1) EJZ77 28 1 T E B2 5, RN = A LA
SIS R AL NBATIE 2 LA B bR H-GRN WIZS IR 2 LR 13l 12 7 ok
BEAT IR -

dg ix _

a a: Vixfz(gi) Tm: pix (2-14)
Goiy _ _ Vi f2(g;) +m - p; (2-15)
@ a-Viyf*(g:) + m-pyy

dp.

== pix t k- Vief2(g) + b Dix (2-16)
dp.

2= —C Py +k Vi f2(g) + b Dyy (2-17)

HA, gixr giy P MNERRHLEE NIRRTy SiASAR, 53 B IRALES N i 5 R 7E x -
position Fly-position b {JFRIEIKN-o p; M, , FonLEs Nl A ERIRES, XF MREAL A% A x-
position Fly-position - FIE AR . f(g;) & —NEREREL SRR — G 0 —
eI . a, b, c,m, k#R A

Ni (gi,x_g ',x)
Dix=%;1,81; —7 - (2-18)
\/(gi,x_gj,x) +(gi,y_gj,y)

15



S R AR 22 AR S

Ni (gi, -9 i, )
Diy = %2181 L - (2-19)
\/(gix_gj,x) +(9i,y—gj,y)
Fgix) = = (2-20)
1-e Jiy
f(9iy) = vy (2-21)

D; D, , TS NS 3 4RI A ML A8 N j ) 2 BT BE 2 T, ] DL AR 2 4
B’@lﬂ%ﬁ%ﬁ%%’i«&ﬁ AT EL, BRI T —AS LA S m AL N B
), FEMA TSN AR, thAh, NOANLEE AL E LS NG, &N
— MR R, RN IZMLEE N S B A 2 AR AL N, 58, WRE T,
A0,

Kl 2-6 JEoR T AN H-GRN Fili#e 1k BARH 7, Hd BArH SRR, PLEA
HIARR . FEERREE g MRS, Hd (@R REH 36 LA AR 15 4
HAx, (o)1 49 AMHLEE A EHH 10 4 H bz

15

o b
B 26 42 IR A4 (HGRN) B L 84
K 2-7 g7~ T 4 A H-GRN Hl#i#2 30 H b5+ ()R~ 8 MHL2S A 4/
T AN HEr. (0)Fs BAREAE THIXALE, EARMBIE BT, X B et k1T
AN A EE G . ()R HAR I, LT D0 Bl i i R AR B 411, Rtk H

PRt R T (d)FRos BRI ERIG, TR T — N E b=, DA
(EER
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16 20
15 18
14 16
13 ‘; = 14
12 . 12
1 10
10 _—— 8
9 [
8 4
7 2
% 8 10 12 14 16 % 5 10 15 20
(a) (b)

(c) (d)
B 2-7 »ZARAER%&EAR (H-GRN) B#H# A B4R

2.3 BRZEE R

2.3.1 BHEBRENH

R R B XA — MR A, 4 — g, RE—MREES(9), ZER
IRIZA FRTEH A I R BN Bk 2 A0, AR g 5 B AR TR AT B, AT LA
B ERAER R  N=2E BRI SAREMAR EB, EMTERAEFI) >0, f(E)<
0, f(B) = OMRHE, — AT DLEESkAy g —/>F1f 2D WK

FEH RS, WTRLKE 3 PR N R RS RS N h R
I, B HLEE AR IR B AR 08 BETTRER547), REAE R4 IR 52240 B 2 1A % H Ard A
1R LR R B f (g) 8 N —E6 4% ) S R A 2R MEZH & o R LZY IR RO ()42 [ 22 R
ACIIYE ST (&8 I

HARTTE , 45 € = HRHE R E, BYRAE O 75 ZE A B s =0, 8 DU 7 X
BEAT A

f(9) = Xkz1wih(lg — Pel) (2-20)
h(x) = x?logx (2-21)
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Ssb (g MIRBR B, PRI I 75 SRS RO BE AT B8, h oA e
B T QIR TIRIREEL, P ACEEHLEIAAR, gfREHLENRIAER, ol
R 0OBUE, HoFoy € [—11]. B ARFIESFRSE MBS, R AR R
(1 MERE TR LU (9)-
0 h, - h)ea) [f(R)

RBIF| 0 "'%m _| "(R) (2-22)

ml m2

Horbm R IE NG AN RSB R AE A, N R AR AL T S f (P) 73
AMEEF0, —1R11. fhy; = h(||P = P||). P, AUEFHFE (0, 0y, 0z -+, 0 HEA
A (2-22) e — R RIS &R, EAME— AR, TR R BB VAR AR . el A
(2-20)7F B4 m) R R R B, ARy H-GRN B H AR

e 2-22 i, SR 5 RE AR N L (BT ZEEL R F b), 40t i) B e U
NG, NIRRT S i, — RN ES NPT /5 2 2K 1
frE . SREEILR N e L s NTEPITIT 2 T B R 0 RS 5

e Interior Point

x  Boundary Point
m  Exterior Point

B 2-8 W2 e k% RBIF FrfgiL 69 6, B AR X
2.3.2 BIMERRBILSAERK

WK 2-8 Arn, 42 1R FE B pR BT AR RVE M F R BEAR L 28 N L A,
Kb B N H S H-GRN W45 5, K H-GRN W2 B E#ET T & #,
U 428 1) B B8 R B 7 ORI IR TR ML 28 AT A B IA BRI BEAA T 2522,

18
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-8 -6 -4 -2 0 2 4 6 8 -8 -6 -4 -2 [ 2 4 3 8

(a) peanut (b) fish

(c) bird (d) wrench
B 2-8 & Al iam A e /R — g R X(FLE. £, BfRT)

K 2-9 M 2B 7 AN NAE T8N BEIE M, Rl s e O 20, — ok
Y, RSP, AT B LS AR L HEBRAE SN, BIREEREE . 10 H AR
AN AN S R AT 5 P HL s AL R . AR 2R TE R AR
FERNLAS NPT B B A B AE AN T AR, e PR i [ T AR D IR, BT 3
THEI K

BB PRI T A% ) ik B o 0P 5 9 RT DUAR S RO ST R R AL A5 1) B B Sk AT 2
fi, IR 2T IEE RS H-GRN AR IR, A — A7 E ek o st 2, M
#| RBIF SR RAE i F BN E, BURRYE AT XA RARIEA B AT 2 . X
ACEOR AR AL 7 2 A i), JF HASRAE B AR SR o RN RIS A
EZIrE R MERE, (HEEE LS AR, BENLAS N 2 505 3 N %
BT oA, XA R AR T A B

BEAh, XAk BAR RS N Z AR R IR0, Hlas N6 2 45 RS Re
AT EANREAS . X ERE X LA NI AL B A ZORIR e, BIALES A s ZiR | A 42 H
i FLo T T B bSO R ER R LS MR SO0, 75 22 3 42 R A b S5 S B4
RAERZAEDL N ARG

AN, AEHARFIHLa MER AT ABE B RA Hlas NRERAT A0 i 15 0t
T, ANl 701 30 H R R A IRME SR AT TR
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Morphogen Morphogen
10 ® Exterior constraints 0 ® Exterior constraints
A Boundary constraints A Boundary constraints
8 * Interior constraints 8 * Interior constraints
3 J : =
E 4 A * A E 4 A . A
> >
5 T " oo |
0 0
2 2
0 5 10 15 20 0 5 10 15 20
x/m x/m
(a) Enter tunnel. (b) In tunnel.
Morphogen
10 ® Exterior constraints
4 Boundary constraints
8 * Interior constraints
: 1
E , & x &
>
5 I
0
-2
0 5 10 5 20
x/m

(c) Exit tunnel.

R 2-9 ZLREH RS TR B 4RO 60 44 Rk 0
2.4 FENG

ATEEENE T EEAEPLE N B AR RS BRI RIR, 25 80E 1 508
SE AL AL TRAT T R P IR, 20 A DR R 4 I 2 A5 7 LUK T 2D IR G 1Y
RS EOR AT T NN T REANLEE A B AR E S 1. BRI S, SO
AR — R A e R R S NEEE, W] DL B O R IE I 45 2 30X — Pk Sk e
BEA%, E%JE NP-hard [ @ B3 21 TARGFAON A o 1070 J2 2 DR R 42 0 28 U2 i E
PO T RAZ AR A B 28 N BE TR S AL ) — AIE AR SR . 70 R DR IE k4% H-
GRN W EZ R4S (RIS, 1R 505 e ilas N2 L ZE A1
AT L. T IA NS Inik. ST - 550, 7Pk R s B A
SESRIIERETE, A N 2 R R S R AR B R DR A 1At N THE
R 2 AT @A, ABWAHE T R TR S R R A T, B
AE S HIEBOR S A TE R 2D IR, (H2 SR H-GRN [ 48 4% i) B bR BT VA #R AR AE
SRR, B H AR BLAS SIS R RS 6 B B AR DAL LA
)L R B R 0 A A B R R R o X Gt 8 2 3 B LA I SR v A
GFRIRCR, BT e Rt . IR — B ARSOR 5 R 4 Al EE X H-GRN R 4%
AN AR R R BT IR AT B AR AR RENLAS A H AR R S AR S
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£ 38 FETHREINMMBENZABFRRRSEHIESR

AT TR ICR TSR REAALEE N AR S B, 220K H
PRAELR AN P ME S REAT T4k, TaR 1R H-GRN 28 M14%: i 22 3 R 2075 92 (14
ARZAL, RISt R WO SLE A B AR LA AR, JFIEEM (S B ATH
Prir EAS BAE AR R R EE BB H-GRN M8 T RSN, 58 1 1815 2 RIS
EARFNE BT BRI LAS N BE P[RR AN A ARESS

3.1 BRHEZE

AN T — RTINS MER RN LS N H AR 2R 5 i HE 2L A 2 A ZEH
ZHESR ) HARRAR K] 3-1 fs e 7EE 3-1 1, HERE - A=A B, RN IR R Y
B BREAR T BONTH i B B o AZHEZR S AR L a8 N IO L LA SR AT R aa 1k
I HAEFELE NN — DRt AT R, MR ZJR W EEAIRR I Bl AEIRR I B,
FEARBLE AR S5O ) S BSORF SRR R H b FEIZB B BEAADLER AR HE T I
EE BRI BB AIF T, RS RN B RE LR, JHETY
I AL B4 B B B DA 2 L A% AR AT RE e O AR o R R R 1 X sk Be4h,
B N AL P32 3 309 18] 38 WL R A4 B I i, R BEIIOR B ) B (5 12 3 AT FR i

BEAHENE SR RKILE R, 2L NG BEAEREZD BL, I8 AER2 3 1IN B
IREE EREAE B AR, 51 S e AR KB H AR BIHL g N EE B R RER A AR H .
BB E H R B AR, B E AL, R CRRATSIAE O Th RrB
AL N0 4 H ARIT T A

e, 2 RIS BrBOE I, B AR P S AR 2k B € 1
BIfE, DRI, FEART B . AR, EFE B R LEE I8 I S
FRERIKEE, R A A RS by T ROR = 2R AE A JF AR Al B B R
ZJa, S o 2 EE R AR N R, @ TR AR RS 2 T A
A&, SIFPrANLa Nigsh 3 E 2 A A B A 25, S Sealnd H bR . K
3-1 45 T ZHERAGIRAE A
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L SH S N SEERSE LR PN A

-
l
y

A

MLES AT S O 53249 28 B AR s F SR B R

HRRHBL 3

PLEE N2 ABLH br?

&

A

A 4

PLEE APAT ERERFVAIRBE B bR, IR 85 8 R

EREZRT B 4

ML NBRER B 5 KT BIAR ?

. ) FH I T3 1B K8 B B0 43 2 3 IR i 4 ) 2 AR Y SR Sz B %+
L B B H b 1

A 4

( 4 )

B 31 AT AREAEOBRMEAS DI A 5 B S LR AR
3.2 RRHB

BEXTARENIAEL N B B AR Bl AT 55, BHAARTLES A0 B bR PR 8 20 A 5 A
AT RS o FEASHEZR S — B B, BEAARAL A8 A AT A5 7 4% 262 R RN & Rl A
KRGS, BHANLEE NAERER B AR FEIR S ERER B T E B R . HLas AR AL
NS NG B FHIFE G ool i ) WS (Improved inverse Ant Colony System,
HACS) KiRFH W5, DU Rt KA G IAT R R .

& 28 Y WORE FLEVOMENL 2 A ) TR G B RIRER R, SHE5 080
BVEAN TR A OO SR ) LA AR BME B R IR R R 42, Mgt

22
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SRR WX, R = 2RI R B ). (H U SR A 3 B AL A58
BRI E R R A, T HLas AR e80T, AR TSR RA SN B AT
AR B . I, SO BOER R FIREEAT 1ok, 2 ViR E B R (B
35 5 2 HARE B 20 RIT B AR & AT SN & AU M EIR R 5 Fl . 1232830
SRS AT LoE R a0 N AR R

i {;%Zﬁo’i’ti‘;;{[fo —7(i, )] X [n(i, )]} q < q0 30

,otherwise

AP N ABTITAET R ANLE AR N — AR i, i i — 4
THEARR R, B (o y) R (g, ) o T( D AREBLAR AT SRS B AU A B 1
BRRWE, AL NS EEZ N — MR UG B RIRE R, Bt
R [EHE SEFR B0 S RIS R RIREE . @ NTE[O )2 IR BENLEL, qoikiE T HLAS
NG MR BT S0, RAuiLE NPT T 51, R IS 6 TR 3 10
T AR A, AT IR R R A A SRR I R

_ N 174 P B
PR ) e ) ]
Y Zseallowedk[TO_T(ivs)]aX[n(ivs)]ﬁ (3 2)

Hrba B 75 B RZEZ P RIRE, B T BESYIEZ R E. MR T
FEMHLAN . allowed, KK T F— Al RIFEFRETT SHESE. 1o AERERKNEERK
B n(i, )N REE, HoE L.

1)) =
TESEbrg s, AT BUE S E — > RFID fL83572, MiLss A
N, A L RFID Z&E 1 E B RIKERE R, HEdARE-1)MARBE-2)
PN — AR SRR EZ T SE R RIRE, AR R
{rl(i,j) < 1,(i,)) + At4, if robot € stage,

0, if obstacles at the j node

1, otherwise (3-3)

7,(i,j) « 1,if robot meets obstacles (3-4)
73(i,j) « 13(i,j) + 413, if robot € stages
EX P stage, Mstage, 73 MR RNIR R BOERER Br. M3 (3-4) AT LAE
ML AER SR P SR = MR RE R R, MIRRER R @R(E 5 R URER
GEER. X=REREAP AT R, 15, 15, HFEVIHNEN 0. X=RELEX
HAERBE XA, tfHT5S®R, ol Tk, rWEWRE, AN ARG5S
RE (LT EIATHERD Pl AT LURYE B 5154 1 RFID W& kx5 B R kAT 4k
IR 2 3 (3-4)F1(3-5) K EEH AL . BIAEAN A 15 0 (AR R B Bt B H A7) T
PLES N 2 BEBOR FISR AL A5 23R, FORAEENLES AR . KILBEAS Y UL R BLH
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J& 51 3 RE =M R

Ubah, MLEs NP RE R R SHEN RN A LR, WA (E-5)HR:

7(0,j) « (1 —p) x7(Q,)) (3-5)

He, pRETEERAKRE. AXAFRBER, Va8 NESEITEAFPZER
RE AN TREBERE HARRES, BRABpREN 0.1, HHMZIERR
FERERS S RIRBEFEE I (B FEAC. RS AT BIPE0GY), BR R pTREKREN
0, RARUEFEISYIE B RIREEA A I RIHER T FEIK. [ERERRE, BT ARG
Y BRI FEEABEAE N A HER T BRSBTS A BERS Y 2i h1. LUR 9esdE i
SSGEERE (HACS) D ARAS :

BE 1 BT 25 B AR O 5k

BN

1) Groupg: —HNBERFAEFINLEEN

2) Stateg(t): LA N UFDIRE:

3) T: FCKIBITH K

4) map: 5 ERKEVIIEHIE .

HrH

1) mapppe,(t): 155 RIKEHL;

2) Stateg(t): FHHHLE AN LHPRES.
1 Vigath: FEFTE LS NRIWILEA B B N(0, 0), FERHE A E SR RIREREN 0, Stateg
WIS NR R B
2 P Groupg REAHLEE ARobot, BlRobot € Groupg

3 BEL = 0, FHMLE ANRobotlFRAStateg () b TIRE B

4 125 ARobotib TREMT B Ht < THY

5 Hlas ARobot i Himap HIE B ZRIKEE, FERIE A XG-DIHEE T — R
s

6 WML ANRobot KM B RS,  TUHLHS ANRobot SREBERERGY, - REIK

IS%E%]:C[:%{% 4%\ %‘E\‘Pherobstacle H

7 A SRALES N AL E bR R I B AR L& AR T ER R 15 B3R Pheriygering» MIHLES A
Robot Bt NFRERBTEL,  FFREIURER (5 B &R Pheryrqacking s
8 WK Robot AL THRR I B, MRobot BIBAIRRAE B EPhersearching:

9 SRR BRI B
10 t=t+1;

24



S R A L 22 AR S

11 I 25 TR
12 JHES R
13 fih: WRFEmap A = KME B R G A Emappper (), HiH L NIREStateg (t) -

FEREVE L, 3 AT RRTHANES N E e TR 20 e 3 O B TR R B (FEW)
EAL B g, REAHLES NER A TR RN B, i B 5% RFID (Radio
Frequency Identification) f&/& #3525 B (5 BRIKE. £ 547, WRNLEA
WTRENE, SREARG-1)ERE T —MHEBT A 5 6179, WML ANER
SRR LRI TS, M BIESEE R (Pheroysace) KA YIRIALE,
DA f5 B 25 NPT DARR B8 A5 5 3 R AT B b4 o 28 7 47 W mHLEs N R I E bR Ek
H R B FARHLAE N B IRERAS B8 (Pherraering) B, EBtSHENIREEN B, &
MKk SRR B, BRI A Hbr. 2 94755 10 7 MR REHEER
WL

3.3 EREZH B

FEARTT, HLas NAL T BRERDY B 3 — L8 B ARG Sl . ahlas Nl 5
5 WAL IR RN 2 H ArJa » Hlas JOR IR B BOFe A RIERERF BOT T AR MR A5 2
o AEZPBL MLEs BRI B AR eI 25— B 8] AR AR A 15 UK B 3E B 3
HIs g FEA5 7], AT PRIUEXT H AR A SN BRER - 4023 3K (3-6) T -

j = argmin |@(s) — arctan a2t

s€allowedy, Xe+ar—Xe

Hor, jIRET MR N, ARTRRRSER AR, (x, v ) ZRELZITR
LA AALE o @ (s)IRFR T B FE Y s 5 24101 RUARXS AR B2 o DL R R ER B B D AR
W 2 Fiow.

IeAh, AL THRZRE M BRI AR 2 R AL N T IEREME B R, WainE
B RRWNEATES), IWNEER BB, BB st &A= r:

j = argmax |Pheriyacking (5)] (3-7)

s€allowedy

(3-6)

Hr, Pheryrqacking ($)RERTT mis LHIERER S B RIKEE

S5 2. BT 245 B R MRS NBRER TS

BN
1) Groupg: —#HJBCEAERFIIEE T IIHLE A
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2) Stateg(t): HFHLEF N UHDIRE:
3) T: I KNIBITI K
4) mappper(t): 15 B RIREHLIE;
5)R: WLEs NEHNEH
6) threshold: Hl#s N% 5 SI{H.
R
1) mapppe, ()48 R IKEHLE
2) Stateg(t): HHHLA AN LHRES.
1 Wikt K BrA ML AR ERERE FERT A6 4 5
2 TEGroupg REAHLES ARobot, BlRobot € Groupg

3 wHEt = 0, HHHLE ARobotfIRAStatey (6) 4T FREZM B ;

4 MHLEE ARobot i T EREFMY B Ht < THYT

5 WL ARobot 3 HL map TS REIKEE, B sUBAIE Bl H ARt EE

Bd, s

6 WRd <R, WIHLE NARSE A E-6)THEH N — MR AT A, FERBURERE B
FPheriracking: 0, ARIEAXG-7)THEH T — MR AT A

7 SR H A5 A R Robot K B 4T AL 25 N 25 FE 458 2 [ (i threshold, WKL % ARobot
HE FEHH BB

8 EE NS 8 P

9 t=t+1;

10 F W7 25 o

11 45 R
12 it e BRI Emapppe, (6) LEALES MRS Stateg (8)

FERNE 2, 5 44T EERDPRAIB LS N2 5 4 T EREBT B Wiy A PR, 4o
RN E 5E5H HbsE I Bisr e N F1icdE, WIPLE Nt T eREPTBL. 2 4
1T 6 AT NHIEFIWT B br 2 S AENLE NRUERFINEE A . IR H A AR R E N,
doRRE N TR, I BALE NS RIEIREAE 2R (Pherqcking) WIEEFEH S5
o I, BRI B AL AR B ARRIEE RS, FRRYE A 2U(3-6) KXz 3 U7 [ kAT
W, 255 747, BEASEHALES A AN B 5 o 1 AT L s N5 5, 4 Bl LA
NG 8 QR AT A5 N 5 JEE 2203 38— 5 BRAEL i » B LA N2 R =B B3N BB BL

3.4 BB

FEARTATH, SRR AL BT BUS — S5 R 2 0 2o AERFIIAE T 5E
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B H bR BT S, XFEREVEANRAR S HERA S E Hir. BEAG LI R
LB N Z RIS . Ak, B EPARSERE b, ASCEAE BRI H T —fpt
T3 5 R B 43 )2 FE DR 3 R AR Y . S5 AR SR 43 )2 FE DR 32 M 4% (Hierarchical
Gene Regulatory Network, H-GRN) SR LY, A SCK (5 5 R 3G B R
BRI A F] H-GRN A, I HAr44 8 (Pheromone based Hierarchical Gene
Regulatory Network, PH-GRN) , & 3-2 ffi7x.

SHERA
I B E
[ R

P H

REVHL &3 A B35 B8

¥R
S; G;
PLEs Ni HLES A j

P/ 3-2 PH-GRN #£ A

277 1 BE K 47T 11 Fet R 80P 5 1 = 2R A1 ol o T T ZE R R R R i B A B A5
BRI AR, R @R RS R =L R A
AR RBIANRE . Horb, WIS T It BARRIRAIE G BN FURHIE A,
RAAE H b B AR B AL A G2t Ab R E W PR b B o i 5420, B A2 B
RE AT EREIT A b B BbG ) .

N T R EFHATLEE AAER S EERLEE /7, TE PH-GRN A H | —Fh2E T
BRI ELAE BT 0] ) SRS Nigsh ik, BARI T

S; = aN; + bF; + ¢D; + dOb; (3-8)

Hrba, b, ¢, KRG TR RGBT NRARBRIA T, R
JTrE R, D RABHIEASEER ¥, Ob ek BV UlEs N T — Ay
IR NS R, B i A 30(3-9) M ) T M % 5] -

. —N;,neighbor(j) >0 i
L {0, otherwise (3-9)
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Hrp, JRARPBAR T AR5, neighbor(j) > 03RRI FAZ 17 S 40K
PLas N S8, A (3-9)H AT IURERY [K 7 N 2 B f . 75 N K 53R [7] 0.

ARG8T HIF & — NSRRI EM LM E T, HT 35 2N BFEE
Rewas b, FERR T ZBREIS NGRS E B RSN FRTTES
Eav /I

Fy = argmin |f(s)| — 4 (3-10)

searoundy
Ho A RRHLBNH AT E, 22— iR, f(s) AR B B I )
T P R, s RVRAE LR, f ()RS S/ME
&l 3=3 fros, BEHE LR 7RG ARYE 2 20(3-10) TH A H R & 7 17

b

A

T B aEE
F i
N x ]~
1/¢\4 [/\L\
HLELA i HLEEA n

B 3-3 F, A% 404 BT (I & Ak A RL F 00 F)

DA NARHIL S E LA 1, T 5] SHLE AFEah BRI, i s AE A
Wl B ANLE NI 200040, sl (3-11) s

D, = — ynei Aitke (3-11)

ne; “€=112;—p,|

Hordr, ne RIRALT 175 A BI85 NAS I 2 FI AR 25 NN pe /AT 3% N el
THEARBR
AN, Ob A NIRYERERSYIE B R ARz S S, s aRuT.

—Ob;, Phet,pstacte () > 0

0b; = {0, otherwise

(3-12)

HrfPheropstacie (i) > 0F L N BIAAERRIGYIE B K.
MR LL_EDUAS B 7 DL AR R AR, PH-GRN N2 LR & 7 Al & S; =
Csiy ysi)» FRERETT TN B AL NS AN EB-13)RIESE T —AMHRE T
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j = argmin |@p(s) — arctan 2 (3-11)
seallowedy, Xsi

Bk 3 NEEY BUR Dy ACRS o FLARRIR NN - 28 3 AT FIWTHLAS A2 5 Ab T FlH By
Beo 2 A ATRIE 5 AT L NiEd s o B E i B R A RN AL 345 S BAIAN R
E, JFEi SRR R AL (RBIF) AR EENEEIR, 25 617, Hlas MEHET
Jei L S R R 0 J2 2 DAL R % R 2 AR R OR i) B B 55 L il A N A TR By S 1)
2N

FE 3 BT 2E BRI E AL NBEIHE

BN
1) Groupg: —HNELERFIINEE N HIHLEE N
2) T: EKIBITIK:
3) mappper(t): — AT LMEAAE BRI I &
BT
P: MRHEE BRI H & S AR ) L P
1 E¥Groupg 1% ARobot, BJRobot € Groupg

2 WHEt = 0, JHHLE ARobot IR States AT Flf BB ;

3 L HL25 ARobotib T HlH T B Ht < THY

4 L& ARobot i Hmap {5 B RIKEE; HAEMFHERP={I. E. B};
5 WEf(D) =1, f(E)=-1, f(B)=0, 3 %P =f(g) ={l. E. B}
6 AR A% 1) B 55 o 5 77 2 v B L L L P

7 PLEE AR YE A X (3-8) B 5h 2 [ /Bl P _E ;

8 EEREISE AP

9 t=t+1;

10 H W4 R

11 fE¥R4E5 R
12 Hart e AR SRR B I A L PP

Z I, AR RIS NEIMEE R T AR S E S . B MEFHHITE
e, FREMZENRT R, HS5BREEIRL, BARE 2P R “ B
FITRFEPIRZS, =B BOAMARIN, (EERAR P 7 HERMA O,
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3.5 AEDNG

AT T AT IOR SRR BEILEE N B AR R 5 B FEHESL, JE
HAEAEERZ S, ST RANL S N Z 1B UM R S o S JEISOR 50%
RIAN A, SR T — PP S ) S SO SR R BB HLAs N AR AE AR 55 (¥ AT 31 SE 41 3t
WREIEL, RIHERAE IR 5HE7T, 8 T ORI B AR 55 5 (1645 B Al 410 i
H-GRN MIZA5 R DL K AR 1A B B s BT IR A2, $EHE T — 4> PH-GRN [1[ 25457,
R SRR BT AR HARME BAASOY = 2R/E B R AR, RKFEE T A RGXHES
REATIESKR, DL R AR RE K, SEIL VA ARG N EARE RS
RS- UEAh, BXF I H-GRN MIZAE R 1 R 505, e 7 — R T /AR

G RIT A R NS NS 5E, A T3 B S B ER A SR B
PLAEE N2 2 200 R R Se il MR iz AT A b, B HLER N AR AL,
GRS TR AR, DR B B B AR AT R
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4.1 LW E EGEXR

FEATT R, ASOR R LA SRR PG Eid T IR BRI 2 H AR A
FHAESE . H %G, OF 7 SRR R B AT, A X i S B ARt 1
BB LS. R 4L 7 LEEN S AL, EiziEdd, K
MR TN IS EZIR:

1) RRMEERP B SRV B L N Z [ BiElE, R AR B eir

PLas NA s/ NGB RS, B Se VEAT— & Y6 L Y R SR A
2) HEAHLAE N BIRSShE KT H AR RIS S s
3) Ml ALEMRg I R ovr b A A TEsn, Hylas N— Ik A ergsi—4
BT
4) SIS RIMAEEA .
k41 T ASHGRE

¥ Ei::pe =
a ESYEV -&:viER 1
B W R R T 2
P1, P2 FERMNIER R 0.01,0
T1,T3 F R & 1,2
T B KIBAT I [A] 500
To N335 10
a,b,c,d 77 16) [ B AL 0.1,0.4,0.2,0.3-
o PR B A X 8 2 0.1
R, Hlas A% B bR )R RE 40
R, BLEE N BERY: 22 4= FH 29 10
R, BLES AR08 & (14 2 i Bl 10

X HAME R S EESS, %R BB — L2 HRANAT A 55 1 B AR EOK,
FEVRNLAS N R G007 200 2 LA R J LR 25K

1) FEAEBLE NBERZIAETIF S IURT H b ) R R A L 47 D E 5

2) HEHANLENEILE G, Hlas AR E G| S HARNLES AR H AR2EAT B ;

3) (LR A AR AR, BEAHLEE AASREREREPEAGY), HLEs N Z AN So VLT
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DN T e A0S

NIk, ASCIEHEH LR LA

1) ViEHEEN 2m*2m 35 (& WAL S 9 20%20 1) A% HL ), BEAS RS AR 2
HE AN LLERSE R RIKRERE B SR A PR (Radio Freguency
Identification, RFID) , B A&SIELHH#iE Wi REID M 75 EAKHE 95 bR ikt
171+, RFID MRS 4-1 frost;

2) RFID AR28 1 5 30 Bl S5 L8 A A% 388 BBl A2 10em, HLas A 6T H b )8k
HIYE 9 40cm;

3) HLAS N E S AR AF H ML A LR¥E 10cm J DL )22 4 FE g s

4) BN RE VB v 10em/s, B AR % E Ay Semls.,

B 4-1 = # R R e k49 RFID 4748
4.2 SR ERERNER

N T UM i B BOMEZR B Rl AT, AT AE — N R R 2 A HL s AR — i
LR Hbs, ZHEbAEE FF 2 RS, AR, AR %7 E&R, BEEPLESA
ARG 0 2R, XFERT LAEA AT W E M HLE AR s, HisrEcE
PBEN LA, BRI RIS ANNEEN 6 1. HARIIiat B 80E 9(9.5,11.5),
PLEs NI 62 5 09(0.5,0.5) o SR T OB IE LSS, FESYIBE B XIAR I AK
X, EORPLEE A LA B H br. @& ZE RN, BSR4 E X
THRAAHLER N RAN, T ZPREANLE N PR R AT
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5 5 5
(a) t = s, b} t = 100s. (o)t = 200s.

....................

(dy + = 300s. {e) t = 400s.

B 4-2 BARME AR RIZAERM #5E BARET I A A B TAZR

P 4-2 7R 7R BENLES N A SOHE 2R 45 23 A0 il AR i A - =4 t=0s Y,
PLES ANZE T A IFEHOT AR R Ao B T UL R A E B RE R, ZRHLEA
BRI JLF2 BT AE 1 HLas NRHIRR A B3RS, JRERZhIN B MR REER. R
A B EIR B 1 X el UK LART LA N QR R I X380, O 1 i R 384
DRI RAR R, HLEs AR A T 045 B 3R BRI X A% 3«

2 t=100s I, FECCHER)SOBURESFEIN 51 2 T, BEARHLES ATHIG£E 22 18] T O 70
AT BUFIRIRZR AT, —SHLas N CEIRR B VB RIA %, 55— S E BTt
Ryt it H AR LA B o T HLas N2 B bRt i/ ERES 1 € 7y 40em,
FEAESS AU I BOF AT HLES NN BIZVEH A, it DAAE IR BUN (8] AT HLas A\ HRAL
TIRREHr B

M 1=200s I, 4 =HLE8 N\ CLRELL HbrHl, BEAIREIP Bl BEAREZHY
REREN SN OB HbR, T A2 br, Plas AL B AR —EVeE W
BEHLEZ B, JF B T EREAE 2R 51 3 HAR LA NI AERIE H bRFRL .

2 1=300s I, JLPPr A bl AN#S RS H AR, PR (bS04 1S
DU A C AT I 2 o IS 2 Ok TR A5 B 2R RIS B, HLEs A AT L
SEPRBSIRINLE, AT RETT PG o

fEMZ )5, 2 t=400s I, FrAaHLas NN BB, i b i s S
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RIREE R, I NEE NS FEEAT0R, BEANLES NREER T — NI A
%, SE T A AR R A EAESS

BEAk, Dy 1 B B AR M B S R H AR IR S B AR T R LEE AP iE
TR DL, ASCOGHAT 7 2 RA5Y, JRE il 7L NRs T, s 4-3 pr
o MHAERE MR, TS NSRRI Z M ERiEaiT N O
THRAA AR g IS TAED BT LLER > WS 2 e I A B IE L, WA SCRE
Hop Jr kAT 2zl .

TGN S, ARSI, FE R T AAA T AT TH
2R, JFHAE R E e S i AE T, &I T AAR, SR igiLas N EAE B AR AT
IRal. X thlas NS, HEZERES XISA KN I E, IF iz A
WAL EY, AT IR R A B T HAR, JFEEN T ERER SHPIRE . X Tl
PLEs IS, HEERESEE I T X3, IF BRI 7 B, JFEH
brJE BEREATIESD, BN TV R B EOR G SRS AN BIMHLK . SEpLas NS
L AR, AR, E EhLE N, HIEsEH P A 5 A b & X,
Rt ROAAEIZ S S R, 52 FRhs A I BELAS DL e Ve e A PR ], S ECEIRIB AR A I
HARIFTE, Pimhse 7 ENE B, e A ImA SRS N A . X T
KON E, HATIRAITaHr BUERE A B 1 22 EJ7 i s, X2
AWJEHLE N CER I 46 XL PR EAT T R IR R, Bz ILE N ]
Ry il i 2 EABL T B AR, JFIMA RIS %

WX 4-3 B3 AT, BRI BUR ISR & 6 LAy NRIPLIERE , 33 P ) X3
JLTHE AR R 1, JCHRE T A, BT B ARG R AGE, AR
W5 R R E
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ol I

20 20 20

0 0 1]
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

B 4-3 ZARILE AF FIZAR R 3 5 BARSAT I & Ao B A0 09 3T )

S E 2, B B A B AR R S B IR WS A, AP RIE 1
PIRMESRMIBE AR RE . BLAh, (E8 —32ME, ERAMES T, ([HERE L AflE
FANBEN G RAE T EREZEM - 15 B 22T NI, B yLas Ak
Bz X, KILHbrE S N AT RS ARSI T, XIS
SRR PR AR BEMRAT O, Ry “REIRE RE”

4.3 ZFHERERNER

N T P IRUE PR B 5 R A B AR R S B AT AT 1, A SCHE B A RS
PR BT o sh 25 00 B AREEAT 105 SR . SeRR LAEBLSEIREE R, R E LN B B AR
BONRRE, AR B R AR Am R, P T 3has B AR e e 2 oy S
e EARTRMIES, B %" RR, BAENSANHARBER e KR, it H
PR T T — g ahRe ), EVAERS RIS . H br 1932 3030 B4 R fi 75 5 22
fIEIE P, BRI E AR5 (6.5,11.5)F1(12.5,11.5) Z (Al AL B3 . N 1 B I b i B
A AR RFFERAT SR, BRI AR R AR . FIS YK
X3, HRSH5 E—3 R
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20—+—F—+—F7—"7—7rr—r—7/—"—7—Vvr—+—77+—7v+rr—71 20— Tr—TrTTTrr W

(a) t= 0s (b) t = 60s (c) t=120s
(d) t=204s (e) t=240s (f) t=252s

B 4-4 ZEARBUE A FIZAE A3 A % BARSAT AR & Ao B AR 6 AL )

Kl 4-4 JEoR T BERHLER AR A AR )38 5 H AR = A E Al A
HARRARI T, Bl 4-4@)~0) R 7 EEILEE MR T a8 H el
() SO SRE TR A N R AT IR R, FH B NS B3R B H R BHLEE A mIAS [ 77 1)
BATRZER . SHT— MBI 2R, VLA N SRR B O B2 50 AR I 22 50 5 3
s hm, DIRERAMX I AFEPE, 2 t=60s i, FAHH—MLEANCEKE
TEEBW, WEHSHIRG SR 72 40 B AR — IR 3 B K A] DUgREA
bEE H AR 350 B GO, B8 AZETE R I A BRI B H A5 . AR,
R H AR MAEDR(9.5,11.5) #5031 (6.5,11.5), £t o FTCE KIHL2E A\ LI K TEi2:
RIS R 7S

K] 4-4(c) 7R T 1E t=120s I, fEFB AL NHRBIBA5fE, &R B2 MR 5
Bl S 2 B AR B X, MR, —SESIRRE ILEE A, thansg e BRI
MLEEN, S®BahBEBA%, R e ok 2] F RO ERERE B R . (18
B, K 4-4d)PR, BT HRZEshE, AR AR N SERAE it
¥, FREBURES B R ARG 2 HARL 3 A2 5 bR B .

Kl 4-4(e)Fl 4-A(F) 7R T BEAARML &8 N R FH 25 T4 1 K5t R 250 110 4 J= 2 AT 8 4 ) 4 A
B HbrdAT . nTRLER], Y EAREEIN, £ ARSYNE T, BRI
W RBIRIF 0T 202 B AR AT 4

WAL, BN, ANTTHBHT T 2005, FERT R ALES N RS sh i
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177 2, i 45 Fron . SR ESRE, AFds BARIIE R S, HPUEARX T
B Hbs D2, KRS A seE R, B ANLa AT kL.
THERIR, A& AN, WERA EMEEIFRCA AN MEER,
REWRE Z DI TEHLER N BB EATIR R, Hig e 10 SR DR 5 H b e 3t P o ) fii s
[F3E 5], X H T REAALEE NAEEAT _EAAE S IR h AR S it n] A L
RTINS H AR el HARPLE AR T ORIIREHME B R, NGRS BRI B, JFinA
PBREAHEAL S 2 &
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. — 5t 5
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0 5 10 15 20 0 5 10

B 4-5 ZARALE AF] FIZAE R A 5) & B ARSAT AL & Ao B 4 09 Bt )

HISE ] L, ZHESRET XS BhaS 1 H bndz s, HARR AARIRCR B, Al DAL AL 1
I 1) PN S ot b AR 2R BRI 55, A5 R At 2 S 500 B A R R NS A

4.4 FEZ HinERENEH

FEERTT, AR — DREAS, % SR AR RAT )N, — K
FER YR TR, KPR 7 2T N TC RSB R T A8 B, DR A e 4l
BHRFRAE R 2R 24> TR QU2 R EAT B U M Y 1 S 2R A, WA
17 ] A X ) ) 3 28 e i B AT FL T

N TS B IR TP AR 73 R B0AT R IR AIE T4 L B JT VE NS SR B AT 5 O T AT
Y, ARG DRE T ADNERARIER R BARR, B N E 2
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PRI N E 2 A BR, K524 Bief o m DY ik, FHANLAS N B ZIRIFE
T2 AT EF AT A ER . %R N, B % RoR, BHAPLEE A
ARG R “o”Kox, Fri B B BN 4 4, VIR EREN
(9.5,9.5),(9.5,10.5), (10.5,9.5), (10.5,10.5) - 4 J Wi R4 /20 FUREARHLER N RIATIZ I
1%, ENREEWRER 12 4. [, W87 =N KERRS KR THALE AT
13, HERFINLES N B FE 5 2 1 0 5256 R4 — 2

N T L RN AR S RS, ARTE TR B BHA R B O E EIRES, R
Y HAREER LA N, BAREERA TG0 Rk B . B FRPUE R 2 LR
oo AN B ] XA T 948.(9.5,10.5), (10.5,10.5), (9.5,16.5), (10.5,16.5) , 1 3l £ 5 A4
¥y B 72 T £41(9.5,9.5), (3.5,3.5) A4 K £(10.5,9.5), (16.5,3.5) .

(a)t=0s (b) t=100s (c) t=198s

L
* ok ok

* *
(] L] .

2d)t=j206;5 ) n Ze)t=3251sm ) n }f)t;:265;
B 4-6 ZHAMBEAF RIZERTHE S BT A RH

Kl 4-6 JEIN T EHANLEE R AR B HEAAE Z IR T X 3h& 2 B sk A7
. & 4-6(a)~(c) o 1 AERHLER AT SOBCHEEIE 0 R A 2 B AR AT 2= A
Bl A R o AEXANI 2, X PUAS B ARTT AE A2 — R B b, BOAEATE A Z (B3R
BRI, ARSI R R ) B

K] 4-6(d) @7 1 24 t=206s Itf, HARIFAR R AR T MR K% 5, BTN A
P Rt SR I AT AL 28 AR HE 28 B bR, AR N THAE R 7 I pi—#El4, gt
I FEAAHL 2 N R ER B B P B

gl 4-6(e)~(N) o, HARZEEGE 1R B, BEARNLES A 75 2R
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f H AL B SR B R R IE 3 . EHAS SRS, N B R QAR
T, AERXAEDLN, AT A BRECE LA AT AN K B R E AT H s
SRFENMERT. DL, AN A B R4 2R A5 BN B AR L B AR N,
HF RIS T TR, SER T B AESS . IXMARYE H AL E AR M sl 5 R B R AR
PRBERE AT, PRBL T ProdE 2R i RAE e, O AR ARAZAHE AL R RE AR AR AR Al K
FRIFH ISR P A 1 e PPA 2

WT . 1 L

0

B 4-7 ZARAE AR RZAER T 3 & £ B ARSEATAE & Ao B Hhdid B (L)

Ah, ARSGEHAT T 2R EERE, HHSH Tz 12 AMHLIEE AL RIS
N, tniE 4-7 MK 4-8 Fros. IWEITRTDUR IR, BT %3 5 T KBRS D,
BB HG B AL H FRE 1% st AIaa b B AL T IERAS 1, B8 A HEK
o2 A AR 2 B AR BF AT E . B8, Xt 5 H SHE RIS AN IR
K, MNRIZEGTRNAE T =TT NH . BIMESR—RIE, HE 4-7 15 218
B ONERETAERLD « Bl 4-8 18 LIRE. Kl 4-8 K28 6 ME BT R R &3, 4
H AR AT o8 55 B iz, 350 IR AR R AE B AR e g 07 M) B LA A AT DURZ 5 th R R B
br, IF B EHE AR, X535 T HAR BRI A AL &
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B 4-8 ZHAME AF RIZERT S F BARAT I & Ao B 3 B (T)
gi ERrIE, AN RISRIRISUE 1A SRR S 1) RS PEALE R A - EAAHLEE AT
DURRE PR AT A AR 2 sh & % 5 S HIAT 9.

4.5 THFatn 555 4T

N T P TSR RS B PERE, AR T =AM PR AR . 2 NPT AR N IX
IR 75 R G, RS CARR XIS R AT L, AT S R R AL s N AR A
WEIRRARAE R . X o R e, NIRRT DR IR R e, RAE 2D,
RZWiEZ . C it E AR

n_ Y check(x,,
Cr — Zg_12h_1:lzec (xg,¥n) (4_1)

HnZoR AT m E AT ER I check(xg, yn) = 1R % 1l EAFLE(S
BER (AIER -
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