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i8] 1-1 Obstruction of way by a mobile robot group[8]
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(a) formation control graph (b) constraint graph

] 1-3 Graph modeling for a group of 5 robots[12]

Tucker Balch et al. . 1998-1999 & p% 11 7 — % Behavior-based 11 % % % £ [ 35441
FE[13] > s E AR R A e A A & {7 5 K3 ¢ avoid-static-obstacle (P g #F
F#t 4 )~avoid-robot (P & % = 4 )~move-to-goal (# « P 1 )12 2 maintain-formation (&
FHR) REERAGTLEF - BREEMWIG)R R 2 A7 5 F el L P EL K
PR ERF RO R RS FRAARE) m F R F AR F LA B
ArMFLZEELAARLEHBREER TR EAREFZ (e BAFA TR 2 LA
1-1) -

‘. maintain-formation (3% F§25) 5017 5 3K 0 - RSB A T arirdy LA

e Bdipdline ¢ A4 - B Fw £ (movement vector)dp e e B 2 E o 2B H
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| Parameter | Value Units |

avoid-static-obstacle

gain 1.5

sphere of influence 2.0 meters

minimum range 0.5 meters
avoid-robot

gain 1.0

sphere of influence 1.2  meters

minimum range 0.6 meters
move-to-goal

gain 1.0
maintain-formation

gain 2.0

desired spacing 1.5  meters

controlled zone radius 0.75 meters

dead zone radius 0.1 meters

Ballistic £one

14 57358685 ] fTakaz B EH[13)]
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SR L2 R E)ER A AN T AR R R - B X B
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13 B agfs it
IR 7 2 A 17 5 5t (Behavior-based) &S F 4 34U % ¢ 0 Subsumption
Architecture o >t H Fi & it chiz 38 HEAF d AL % SR TOREPEH e B T AT 5 ke

Tl 7 5 5151 v A FRB I RAME TR R REL Fla R LY AR
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(1) Subsumption Architecture — {7 % g4 3¢
Subsumption #3#1 7% #(4- @ 2-1)7 £ ¢4 MIT 2 Rodney Brooks # 1986 +# 7 !

HL- BRASORERE - H- Brud S Eai pais 2 k3 > Subsumption 2 7
" 4w o 3F 5 H jJpenis 5 & (Behavior layer) c @ & - B (7 5 & ¥ 5 H B W ahp en(goal)
% f?:fz\ﬂis?lﬂz » PRy T L R A PR AT IR AR ST .—»%]4’ ’
d 3 E 7 A4 3 anil B (priority) > Fgk A FF 0T G R B URIERET 4B K o
ISR VIRIE - RE - ‘«uﬂisa] HEEFHEG- BE-F5 a ABHELRNE gy
R GE Em e X% kI » Subsumption % fﬁm@m@ A H 4 B & 7 5 (High-level
behavior) - % ¢ 7 & i% sz e R4+ 0y 7 & (Low-level behavior) » F] % & 15 17 &% 43

=ERUEUS TRl SPEat JF 2 U Sl LA Rend L R s higd o

S ——» Behavior 5
IEI —» Behavior 4
S ——» Behavior 3
g —» Behavior 2
S ———» Behavior | S » Actuators

] 2-1 Subsumption Architecture



(2) Schema-based Architecture — 7 % g &

Schema-based ¥ #1 7 (4=l 2-2) 7 4 Georgia Tech 2. Ronald Arkin # 1980 # i
AT S - BES L AN P ARERF - BEFS T A7 - B H o Motor
Schema s #3 p & hp % ﬁi% W(Fedrd B E DR ER < E 3 w) ﬂ@?]ﬂ:?r’? E
E-BREATE o Ak im@?—l 2w o F hd e £ 4% {e(vector summation) e 58 T
FoEpE 2B ERL - BB DE SR E (weigh) s £ oA K (4] 75 2

THA e 1) Bas ks B SR mﬁﬁj ) o F]p & Schema-based 3 T R (7 4

E
T

AR X-HPEL AL BEIRELTEISNESE -

—» Behavior 4 \

—>» Behavior 3

Z — Actuators

N
—— Behavior 2 7

D IOTOmMZMmMmwm

—» Behavior 1

B] 2-2 Schema-based Architecture

(3) Action Selection — {7 3 ##&&
Action Selection 2 {7 5 78t B 5 J Pattie Maes & 1980 & & R #p =t d) » 2 5 -

{7 % W3 (behavior competition) =,k $L7E £ - &2 Subsumption 7¢ 47 i1 e 8 B £ 18 i 5 s

f%éﬁ;iﬂ:ﬁﬂﬂﬁ?ﬁf—fﬁ;ﬁjﬁﬁﬁ ;23 e B Subsumption EHEE T A G A D
BAAE(F B MR 5 4 B]) 0 2 & Action Selection g4 #r g 7 R AT Eas o H A

BT 5% BB p 2 ehds i (Motivation)» @ 1345 § PP B FIR § BB E (7 5 b 48

ol BB B R A GRS RGBS RS S
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e 2 kB LB A Gp a4 (Autonomy) 0 A Fla Bk D - B BEEAE A
stz S E A B 417 4 (Adaptive Behavior-based Multi-robot Coordination Control

Architecture) » H &332 4 40T

(1) 27 &3 LT A F2 3 6 (Interaction) » F]pt g * A3 7 5 4058 (Behavior-based)
AAHZHIER B PR AL 75 (BehavioN R RE 2 4 p AR P B4 e
AL B R ko

(2) 5 7 B4 B A BFF AR 7 @ pE sl (Feasibility) » #1a ##2 417 Master/Slave

2PN R o T A R AR o R ;g. (Master)# 1= % I — 1 » g;‘ﬁ‘d
FREZREBREL RA AR EAGE SRR AN GRLEAT FOERERR

(3) % % & Subsumption Architecture(, & 423 *x 1+) ~ Schema-based Architecture({7 2 #-je
fL3£3+)% Action Selection(i7% & 5 tH) et = 7 2 BgE > FI A2 g di- R &
7 (Hybrid)2 i se2g 45283 0 it e Eﬂfﬁﬁ btz R ehEEd o

(4) &%%‘ﬁﬂﬁé%a‘%"‘&’%‘l PRBIEAE Y R2ZFB TRk &
B RFROET R AR PFA AR A R RAER G D

EA+7 5 ’%ﬁ“v} LT Rdrd|H 2 iz d £ IR o

Kihe 2 BB P B K 2 M Db FRPEA RN K S BE L RA

G HRER Y AT EAI B EA KB o R BB A (e ciRARE - L A
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2-3)2 & 2 Subsumption Architecture = A H# > ARFER LA i B EAF L RBE
Pz % A F A 0 B {7 5 & (Behavior Layer) : % ¥ % =43 %k (Exploration
Task Layer) » & % 7 S %45 % (Wandering) ~ F* #5172 4~ (Obstacle Avoidance) ~ P i % %
A F§ % (Inter-Robot Collision Avoidance) # 4%:i1 P %4 (Target Approaching) & = & {7 5 ; @
® & 5 B35 8% (Formation Task Layer) » 7= & 7 7 # fL P = (Goal Approaching)
F b % F(Waiting) ~ 317 I & (Master Approaching) # 35 ‘4% (Formation Maintenance) %

AT e

I. #F % ¥ 4% %k (Exploration Task Layer) :

TR EIA 2 EP DR EP E L BRSO G F | RERERT FF A4
FLEELPFFGradal Pl r RE)oad > 2 A AR EGFLESA L
EPR T A 0 K K A B B AR S 5T b hiea R R L 4

Ep 3 4% o

F_&

ST SR WEBAR R (Wandering)2 7 S §3Fd ARG T ELA DR
SRR L H AR TR 4 o Rk FH P LA G AL S g T
R FEAFE R EXTIRFEZIFMPETLZ(f 7HEITHEA Z HREP 2P EF
)edrd] > BAREFE ST FRBAFRD FS AHLARTERFEFPN 0 AIAE
iT P &4~ (Target Approaching)z. 7 5 = #-pr4 |8 Fif2 2 AR T 5 > AP E A 52
FEETESAITI R E BT (T K kg o A B EAFRA PR
Yo & RiTmRL) .

Il. F3%= 3% % (Formation Task Layer) :
FpayiEisk 2 i p eni FH Y R - S EA e R37P R4 T & L Leader Robot
f6 0 B 4pid 8 R A i - v o Follower Robot w0 k4284 0 & B R ik Tl 2 FR

A58 B As i R A7 d Leader Robot % Fran AL P eds 5 TR g fp L Ak Y EIRsEy o

<

A EELBHAREE TEL eI RALZIFIIFAE D P e koo
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3V — Fp& #5558 (Master Mode)frrx B -5 (Slave Mode)2- & o f % SLiF T - B 4LPE
AR E A E RGN Y AR Eark ¢ 2 - SN (General Mode) T o 8 E A FRIL
PR oM EALTP R I RRT EZ B BEORFHE LR IR
E3% R ¢ e & 5% (Master Mode) ™ o gt BET chiEx 4 ¢ ﬂ} % 2 B B Ff A Leader
Robot » ¥ fe g ¥ @A L H v i BA 2 Pm k2 o § B0 B A P3R5
FEHRAOREELS R HEp 2 T 5 BN I BTk ¢ g B #55 (Slave Mode)
T(Eir 4 F ApH S PR L4 Follower Robot) T #4 7 #.i7 i & (Master Approaching)
Fao o BP e Rtk Fie SEERH L BETE S Follower Robot # o

% Follower Robot i 3i7 Fj & «uE 4242 - Leader Robot € 44 17 /i ++ & #(Waiting) <

3]#75 Follower Robot ¥ s&a» FpAjilk i =% % & - 4 & #® - 5 Follower Robot

o
Wi
Jesh

FATIE Bl R o E AR R Rl BIPR B A 4 (Formation Maintenance) <7 & if B
dedrd| FAT R £ 2 7 5 @ 4kt Follower Robot #4447 » 24 15 ¢t Follower @ i& i /LU p
e R, R TR Y AR ASERE R R & hf w & 27 Leader Robot - & 0 &
w2 sPABiFEmain i X Leader Robotr & 7 p & & & 3ViE xFRAS 2% o % Leader
Robot #&4z ¥k p #75 Follower Robot F5 )% =3 4 12 » H % 2 p <14 (Goal Approaching)
T AR - TR A ARIBARGT > PEFFRSE A FRILd Leader Robot g 5 > B v
¢ Follower Robot i ™ ¥ # % F:35 %% Bh(Formation Reference) » ¥7 v 3% 3¢ 2 2_ 49 44 §E

R AR IS ET AR o

® iFadait

s B F kst - ik (Generality) £ d 5 48 LB ARHIE A TR B
AP ARG ns i AR AT AEBREAPRRE ) ST B A SR
PRACTEREBASE SN T A A FRAT IR RS A - Ry EY

$oEiP - SR FAT B AR R Y BB R f B2 4k T Master #54 0  RELE AR
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Hen™ N RE A B A R cndget o F AR B A P ARG RaEe &4 2R
€~ Slave ficst (R FEBRR Y F T BAL I P RS S E L £ ¢ L Leader Robot
‘o Hapen g & L Follower Robot) » %g 18 37k 3 # £42 & £ 2 1§ & (Leader Robot)
FRAEFFREE L PR E A JEE TP i 5 0k o B M FREIMERE SE
(A) #8501 (B) Hayes (C) Bjad = BRAMRERIE S B i
A A R p A ma o FERt AzZ H#a BE AFBE A RE( ?,%'%Z)E\?TJL’J #iF

(R HE)ERY 2 -

& i 2 REL

BEAFR NG REAT TS SR BRI T L

(1) SEmmdid » RPF L PEEVEA S T2 R g2 B ABBERY i d L
o FFs kR F L LN AN FA E S a2 pde B
Master ¥ Slave & fi#;' 2 % T2 { 7 RIS B A BIFE R L7 b iz (7
EE o

Q) v TR T R RRFPFEALIPFT LG o R P ERRS DL T

%

d AR R B A2 3 AR BB RE S {32 w7 AR 2 g d
RFEID 788 s So R F IR0 > H3F BB B A A % 505 49§ ~ 7% L & (Tolerance) o
(3) AR - &t (Generality) ™ £ % BB R~ h I EL Gt > EFBE

A BB Bt 0 BERE K B2 AR R TR EREZ B o
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23 BW R ARR

PERR RS BAZ BRFAH R o AP & 3 (1) 4F 2 =74 (Exploration
Task Layer)® e 6 7 5 — S84F % - P @FRES P BB F A R L fodkiTp £ 2
() F#2; iz 42k (Formation Task Layer)® chw fi7 5 — % /P e ~ e & F - 337

]‘}{‘fr]‘}ﬂ}“a’;}i“: o 1T )’é' /J Q{vj&]@; \3’4]4—5 1+ 7 Y U i m—‘:}{),l. :

2.3.1 %183 % (Wandering)

N R b Pk AT B X b B F R Y ) RS
Fip 2 kiR wads)  £HHFIEEHFIEY o ot B E L E BIREY w AN

Boo L FIGBIRE R 2 P e 3N (2-1) 5 SN (2-2) s W E AR R (7 5 2 gp It

V= Kwand (2-1)
o = Gwand (2-2)
where K,., IS an adjustable‘positive value (m/sec).
G,.ng 1S @ random value of the range of [- 1.5, 1.5] (rad/sec).
d 3t b2 oF - Wamfﬁﬁ“iﬂﬁﬁ*g'&i#ﬁ S— K F]ULE - BLpER

BWEAGFET I RD e Bh LR EHEE L 2

2.3.2 P #aE$ (Obstacle Avoidance)

Fd 2w SRk SRR R TR E A BRI T LT s
3 e NHBRESF AR EE R O AT RWF Y cHPBEL TR S EER
2% A (RAGPFE LT > EREE L ) | T REF S E L 2T e (4o R
2-4) o BipAA P ART dEd b 2w AP LT s P PTG P WES B
90" 5 A enki e 4 1§ B % 8 (Obstacle Detection Zone) ;% % 2| ¥727 g 4~ pEd |
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3o )% 2EEdl, 0 2 M LA B L i (0°<0,,<90°) F £ % >

(-90° <0, <0° )2 i % HLa v P38 7 5 #5120 18 6o g 4o 38 (2-3) 2 34 (2-4) :

Vobs = Kobs (2-3)
. T
- Gobs if Iobs < Isafe & 0< eobs <=
Oy = 2 (2-4)
. VA
+ Gobs if Iobs < Isafe & _E < Hobs <0

where K., isan adjustable positive value (m/sec).

G, Isan adjustable positive value (rad/sec).

obs

Obstacle
O

Pseudo Target
9Obs

IObs

Robot

Bl2-4 A B Hmb 2 kT LB

233 P E L k% (Inter-Robot Collision Avoidance)
WEAFZRAFEFIDDEFELA SPEA PP S LITPF > L P

S ede (7 o 1B 2-5 2. Robot 1ILF# E A & 6> 6, % 77 v #71 B[] Robot2 &2 p =

DR EML A S(EPFE S D 0 AL §) 0 L, A5 Robot 2 #1f ¢ 2 B e

&t > H Robot 1 P i Robot 2 2_i& & 3741458 (2-5) 2 34(2-6) :

Vi = Kige (2-5)
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W = Gpe - (0, +7) if 6,<0 (2-6)
N Gpe - (0, —7) if 6, >0

where K. isan adjustable positive value (m/sec).

Grc s an adjustable positive gain value (1/sec).

P ERZHEFRAMGEEL - o EA  FHBRIDAE L P 2 pEd
RO, ¥h— SHEACENDIXDFEHRPN P PIFAG F 2 P i TR
To B 252 7% % 0 % Robotl g5 Robot2 fts £ {83 » L o figps» pt

PEU i € §p e = > 2 Pseudo Target @ 2 > i = P F P o

@O

Pseudo Targét

Robot
|12

Robot 2

W25 BFAEWEALAHEE T F

2.3.4 4817 B ¥4 (Target Approaching)
BT PRI TR 2P R AN Y PEAFRARELRFRY RN ST A

=

f

1+
==

B R B AT U R - ) R T B o~ B A S L ) 1B
ERBEEE S L RA R E A P RS £ S SRR A BT 2 6 170 ] 2-6
POy B RS HMEBEAD D EE ML AL D RS )y

Zoom PHEFERFHEA 2 Fapedp > HiF@ s 4o (2-7)% & (2-8) ¢



Viar = Koo (2-7)
WTar = GTar ’ 0Tar (2-8)
where K., isan adjustable positive value (m/sec).

G,,, isan adjustable positive gain value (1/sec).

Target

Tar

Tar

Robot

B 2-6 %4 2R 2 dpst =¥ o & B

235 = AP i (Goal Approaching)

TALIE RP e 27 5 i AE 18 B A Rt IR & 058 (Master Mode) T OH A4y
BAW e AREAYNFA R 18 € kx> P eh i3tk Leader Robot A AE 45 E A B
R R BOE IR P e o AEGFEEARY ¢ 0 Leader Robot FOf f RIS R
Blom B AP F#-p c MFLEHR2ZARH R (TRERLIFA R ) 2 3E
TP e 2 B (X Y )RR L 84 E DB EAF P o a B EALEH P e S ir
(BES ZhmBE)A © Tz 2 BH( Xeoorr Yrovot » Orovor ) B & Fl i (7 |18 &+
TAHIE R 3 B O, Aoy, - AP O, 47 3 LP e &2 Leader Robot i

MR L EGEPFA S D o EREE S B ) |, & T TR %P e 2 Leader Robot Z 4p

FHEEHE > 2 2 023 3 A5t (2-9)-54 (2-14)

AX = XGoal -X Robot (2'9)
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AY = YGoal _YRobot
AX Rot — COS(HRobot ) * AX + Sin(eRobot ) * AY

AYRot = _Sin(eRobot ) * AX + Cos(eRobot ) * AY

AY
Ocon = atan| —F&
AX Rot

where -7 <6g,<7

IGoal = \/(X Goal X Robot )2 + (YGoaI - YRobot )2

VGoaI = K Goal

Weoal = GGoal ’ eGoaI

where K, isan adjustable positive value (m/sec).

Gg.a IS an adjustable positive gain'value (1/sec).

Goal

%

IGoal

Robot

Bl 2-7 # B A 2135 2P chp 2 % 7 2 B

23.6 Ry & #H (Waiting)

234154 (2-15) % 34(2-16) :

oal

(2-10)
(2-11)

(2-12)

(2-13)

(2-14)

(2-15)

(2-16)

By EERHERT SR A ST RE Y (Master Mode) ™ 4 ¢ 4 eniv 5 o 4
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FEELEEBRRGEY AFRP RS IRTE BRI R I FOELTEER
Repdod B L ra RAE(Fpe g2 ek pify) - 23 FI L4

il a‘%i]-‘u Timts ] € 71 Wi 5 0 HE R 4]4e:t (2-17) 5 34(2-18) ¢

V=0 (2-17)

w=0 (2-18)

2.3.7 #.i7H & (Master Approaching)

FEBEZFSAFREABGY X- o B F L TN RF oI FOE
FROSE A e 23kt Master #o78 ¢ & 5 Leader Robot) ¥ 48 i% £48 & 4 t6d H v 2
Follower Robot %4z ¥] 2 ¢ - Follower Robot 4 ¢ 34 {7 ¢* — {7 % - Follower Robot # &
¢ ¢2 | eader Robot ¥ ehip ¥t il frindtid & 0, 7 ¢ Leader Robot i i & 43 21
330 AR (X asters Yvaser ) 2 354 #5752 Follower Robot > 4% % Follower
Robot £ * f ¥ i p|(5:iE 5 i %l B e s B p o i B B Xguer Yome r Osae )i

Bk f® s B2t E 4o (2-19)758(2-24) -

AX =X Master — XSIave (2'19)
AY = YMaster _YSIave (2'20)
AX Rot — COS(GSIaVe) * AX + Sin(QSIave) * AY (2'21)
AYgy = —SIN(Ogae ) * AX +C0S(Ogne ) * AY (2-22)
O\as = atan [ﬂj (2-23)
Rot
where -7 <@, <7
IMas = \/(X Master ~ X Slave )2 + (YMaster - YSlave )2 (2'24)
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B FET Oy 77 WIS E 4 AT L 2 B 6414155 (225) 2 54 (2-26) ¢

= K (2-25)

\"

Mas Mas

WMas = GMas ’ eMas (2_26)

where K, isan adjustable positive value (m/sec).

G, IS an adjustable positive gain value (1/sec).

Leader Robot
(Master)

IMa\s

Follower Robot
(Slave)

B 2-8 Follower Robot 27 Leader Robot z_ #p % = %

l'mF
=
Cm\ﬂr
=

2.3.8 355 # (Formation Maintenance)

aFpA)dm2 757 > & i Follower Robot § F5d p ¢ 2 H ¢ Leader Robot
ZAPHEEE AR(Z Ve AL 2 E)RFE AR PR o F A Bk
SLB o 7 3 A 8 02 Leader Robot 2 g2 4R % b 2 gt Follower Robot #7
I B B AR (X ooy Yowas )" H ¥ Opesirea T loesires # = 702 157 S-dic(dp $42¢

Leader Robot =114 & friEdg > 4o 2-9) » H 3+ 8 ;84058 (2-27) % 54(2-28) :

X D-Mas — Cos(eDesired ) *1 Desired (2'27)
YD—Mas = Sin(eDesired ) * I Desired (2'28)
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X

Mas —Based

eDesired
Y, as Baced ﬁ Leader Robot
(Master)
Desired Formation IDesired

Position
(X D-Mas ’YD—Mas )

B 2-9 2 Master 5 L %2 gk kb 2 AR T R B

# ¥ Follower Robot ;{gc} Bk SV LRI p 2 ¥2 Leader Robot ¥ 2 4p ¥t EE
Bl ~AEHERO > REPE ;g:} | eader Robot 3% iF & A 3 X ¥ @iz H o7& B 5]
A & £ Follower Robot z_ 4p ¥ & & @zp(s4 Leader Robot 5 A #)rw 2+ 5 Mg & £
Wi Bipe b L antE 2 3Wdest(2-29) o 4% #F #- Leader Robot % 3 % Ff# ) ¥ #Uk
i 3 chds (7 0 #-H AR e 5102 g el (Follower Robot) 3 2 # e 45 % oo oyt
(2-30)-5%(2-33) » 7 1 {F 3] 2 Slave( =W B A )5 A %2 A4k % + 2. Leader Robot

]_j—_jb‘;‘( X L-Slv 1YL—SIv) 2 ;E »—‘i%\;]} '/:—_%‘ Fﬁ}_j; *g"( X D-Slv ’YD—SIV ) :

W =0-0 -7 (2-29)
X oy =C€0S(Oc)* | ¢ (2-30)
Y, g =Sin@)*1 - (2-31)
Xop_siv = COS(W £ )™ Xp_yas =SINW/ £ ) * Yoo + X gy (2-32)
Yo_sw =SINW L) * X vas +COS(W 12 ) * Yo mas + Y sy (2-33)
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Desired Formation Position

b

esired Leader Robot

(Master)

(X L-Slv ’YL—SIV )

YSIv— Based

Follower Robot
(Slave)

B 2-10 2 Slave 5 A%z Atk k2 ki % 7 B

MG N (2-29) endi i 4200 =ik 4 0 Leader Robot (Master) 3  Follower
Robot (Slave) z_ ip %38 i ~ #-Leader Robot- 2. /& 2 #5 22 Follower Robot £ # 4
Bl 2-11 #77 o d Bl AV F RO -0, By =2 R EES - RTR(EAE=

bR ) D AR E 2k AUEEEE L T o A S o T T R (2-34)

Or +(~wi)+ (-0 ) =7 (2-34)

Bt QB EILE S THRE N (2290 yyp =0, O —7

Leader Robot
(Master)

Follower Robot
(Slave)

B 2-11 . 2 & H B 5 H
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%é;ﬁ—c} f -

A5 B R (X gy Yooy ) K328 41 H 2230 (7 48 B < (Follower

Robot) ¥ 2_ g 4 5E4 | % 404 & & O, » 4-3% (2-35)% 34(2-36)

IFmt = \/(X D-Slv )2 + (YD—sw )2

YD—Slv ]
X D-Slv

_7Z<(9Fmt<7[

O = atan [

where

BiEEd I, % O, 7 # 3 Follower Robot 4% %

% 74(2-38) :
* .
Vv _{ KFmt IFmt if IFmt 2 IDead
Fmt — -
O If IFmt i IDead
Wene = GFmt 'HFmt

F AR TIp A

(2-35)

(2-36)

2 & #4134 (2-37)

:4
NER

(2-37)

(2-38)

where K., isan adjustable.positive gain value (1/sec).

G

Fmt

is an adjustable positive gain‘value (1/sec).

loeaq 1S the dead zone distance for formation maintenance (m).

(X D-Slv ’YDfslv )

X
Desired Formation Slv - Based
Position
eFmt
I Fmt
YSlv— Based
Follower Robot
(Slave)

@B 2-12 Follower Robot 22 7g T f§3; = % 2 P ¥ = % T & B
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FZRARETERE 2SR EMRN

AFRAGRY T HBEL L 2 2o URERR A B P AR EBEL
AR R RS H B A ARG B SRR &R I R
hiydle TH 3L E 2wt B ROTHE L &4 (DDSPH A FRGT 2 (2 2
BN E BGOSR AT A F BN A BA hE 2 oA BT 5 ¢ 1CMOS
Camera sH&LEE 47 1+ 6 ¥4 F S+400 % F1360 & ik B (o § 518 X ek Sfa ALt CCD
Camera #7##5~ % (5= & Bl4cB] 3-2) » gcpt 2% B4 ifk o7 24 & 4 T2 Robot #5~

1% 3607 sk 5 B o T WP GURIE 0 1 A 3 PC s et B ASE {3 o Gk ik v Y

A o b > NHEES 4 SRR W] 2 Bz ﬁﬁﬂ?k 3 ,7}&%%@{11%3&?&&.91]}7}.9%
2w PR R R R kR Y hF R £ spetd Camera 7 chdp it

BEHLE R STELALE R KRR K JEIDSRR et o L Wik AR PC AT
P R 2 ’;**P e v#ﬁ;ﬁ‘% 7 K )2 RS AR T
GRERALER R ik 2g Ch P k- *Ffuxeﬁ}_rr\ﬁ ok Se( F84 12 Webcam 3~

R N M@;’* HeAT Paﬁmmw G E 4 it i B [20]

[21] -

mirror

light _— |

. camera

robot

Bl 3-1 2 N Bk 5 BE B 3-2 2w R itihEr iR
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31 H iyt

A P2 2w SRR SLOTR Y R P k5D L A sk ATE 8 2 DSP 4
FEHT L B33 AR AERR o A& 70 - B CMOS iR RlE - FPGA
Board ~ DSK6416T % i3 & = fr— %f & frse 1% 18 (Frame Buffer) - CMOS sensor % 4 5 4k
tp(IC-media) = @ #74 & 2 3| 5L EVT 202 CMOS & B % > H &~ 3 »xifk 5 640 x 480 >
B~ L #7%F 5 30 frames/sec » ¥ fz»\ﬁig?] 1§58 2 7 8-bit raw data ~ 8/16-bit YCrCb(# st
738 * 0 5 pt) ~ 16-bit RGB 4 24-bit RGB o ¢t ¢k » p CMOS R P[4 w & 7 — & F2 0
WEH G #3850 p b0 T gr(Auto White Balancing) 2 Gamma 4-#c} B 7 &R B2 1
IRBEE S NETREFAELZ SN c L FPGA = & #7i¢ * chi ALTERA 8 4 & >
418 5 FLEX10K50E240-3 » & & 7 5v 5 AR frie B2 3f 11298 » ]2 8E -
FLPER 2 & 3 3 DSK6416T 3 B8 (i Fokl 2 s 355 » ¥ £ 1516 12C % % CMOS g

B e 4 1 A > B A b 1 N A T

- B AT F 1 & §) 30.% Frames
- 2 x’gdt%] 1258 1 8-bit 4:2:2 YCrCbh QVGA (320 x 240 2 =+ /]*)
« &l Gamma=2.2

 F&eqeRk  Saturation=1.5

ARG AT S G E L REB(TD2 2979 2 22 TMS320C6416T DSK 8%

BH o LRQALFGFTHEBEL TREEFL chrt i 0 B2 T4 F 5 IGHz o ¥ b Bl e
IR M(ALA22B)0 2 4 R B3 BTG E L Y 0 LML A 5 384Kbytes 1/

i 5k QVGA < Pl ¥ T3 B# 0% 5 FIFO(First In First Out) » # 1212 i i

g RO TOR 0 A 2 F P B 2 (2 e Rl 2 BB (FEE A% 5 B0MHZ) -
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CMOS
Sensor
ICM205B

Control Signals

Buffer Write
Signals

Frame
Buffer Buffer Read
AL422B Signals

+ FLEX10KES0RC240 TI TMS320C6416 DSK

EX_INT4
= Interrupt
Selector ™
EX_INT5

FPGA
Buffer Enhanced
Controller DMA

Controller

32-bit Y data

32-bit
peripheral

8-bit Y data

B 3-3DSP 2 i =k su28 - RI[22]

3.2 BB P GIEE

d b2 BT SR EREEMS)S P4 A2 2 NEG HeT %%'E’ £ A e T

W

Wi

SR uE Do UREE: 2% 51 8

B 3-4 BT B

Wi

YCICh( YUV)$a st » & — 8 — .3 A uld 2Bytes t0 Y

& 1Byte hU eV #rE = - 2 YUV & & & {8 4 B35 5F &% qvga_y~qvga_u % qvga_v

L2 Azde B ane AL AP 5 R R £ b ik = R )k S A endl okt o
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3.3 & RS aIL
TR EAZFZARBEAEN PR AORSAPRFTRY G o EALR P
Hde (M 48)4 BHET 7 B4 4~ % & D Robot 1(1f ¢ ) ~ Robot2(/z ¢ ) ~ Robot 3 (¥4 )% #
Het (3§ ¢) o 454 DSP B AL iz S /04 » AER 5 A B i Hio— Color
Threshold #-3% 12 2 Color Detection $i=3% - 7 Color Threshold =38 = » # # —‘,5“’ poiT %J
»ETERREE 4 ALt enFEER R Bl (Detection Window) 2o A= s = B (Xn,Yn)fe H £ B & ]
(Width, Height) » 4B ] 3-5 - ér_ﬂig?l » s Detection Window 342 42 35 2 {5 gz # DSP ad® 45 >
FF A Window pozo 573 ik e YUV B R 2450 EfagEd 9 YUV i i@
(Threshold Value) - % 3-1 % & B %® 4 F 2_ 827 % 3 Color Threshold 5% ™ #4345 41 2.

Lppd 2 YUV Rl > B 36 5 FiBd L RHH2 1 T fzH:

18 3-5 Detection Window z_ % 78 %-#c7t % B

% 3-1 t Color Threshold #:5% T #7335 ek g d YUV #

Robot 1 (Orange)
Y_min |Y_max|U_min [U_max|V_min | V_max
Red (Robot 2) 149 163 101 122 176 203
Blue (Robot 3) 200 213 176 203 68 89
Yellow (Target) 230 255 68 98 110 128
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Robot 2 (Red)
Y_min|Y_max | U_min |U_max|V_min | V_max
Orange (R1) 148 187 74 107 206 255
Blue (R3) 163 196 167 209 77 125

Yellow (Target) 240 255 56 89 173 215

Robot 3 (Blue)

Y min|Y_max|U min | U max|V_min| V_max
Orange (R1) 162 207 71 119 218 255
Red (R2) 131 149 107 140 164 206
Yellow (Target) 220 246 71 95 176 203

Acquire the original Output the maximun
environmental image in and minimum YUV
Color Detection Mode value

Search the Detection Record all YUV values
Window which encircles of the pixels within
the identified color range Detection Window

Write the coordinate Acquire the image

and the size of the within the Detection
Detection Window Window

Change to Color
Threshold Mode

%]36 3 /‘%‘7@—’3;}"51 ]E‘/H ﬁig]

Y

1
iy

B oo g N kend DRk B(5RA 1) RFAPEL ERLRRD G {2
B EEB (5 P2 2 SREA) PR SN A e RS T - § R
o2z fpE ¥ 2 LR GRIPRLBIR o 4 Robot 345 F PR (R ¢ Ha)i b B

3 Robot 3 #4578~ T 5058 4o 8% (4o ] 3-7)#ik — i crdfds » £ 8 YUV B % 5 8

29



% Robot 3 + & 2. Yellow (Target)# > Rle @5 1: F2 > 5F AP Ew-3E
PEREREGFEE 0o 5 i - BOERE R ARLERY AR DERE

l!nglg\%&p—r » H ‘”KA,\’E;QWJ(-Q\?T 38) BEFL ll—ﬁﬂ/%‘?j\%ﬁ i@ v ¢
LR TRV Y Ny S A S e

=R MG EY O S E R RED R

=
@
(0]
a
Iy
o
A
o
[
{\n
o
S5
Rl
§m

34 PHIERE LR IR



1+ &7 (X +y?)
1+ &1+ (1- )2 +y?)

A
z="f.(xy)=

He Ec[0,1 50 6 S8 € FIF B G ehd a4 it dime hpr- BAd s
TRARX, Y, D8 EF HEF A BB R G 6 1 ay) Btk 3 F LB EF T

el T

(3-2)

Mo e
YI —Z+&IX2+Y24+2Z2 Y] ALY
gt A e R R B EA PR B R Z (% d EKC vF RO B
kg $) A PTG IR R AP EF A ELRY hinl > BT R

F-BREARTEYFAPREAZAFEER S0 R EZFAFERGT 6 2 1

Bir LB d ¥ E2RERXY,2) " HEIFET S 2 ak(xy) ).

image plane 0 (zy)T
virtual retina z = f¢{g, y) g={X,v,2)7

B 3-10 F2 57 FAEEA > w N Pk b2 BT o b e B2 R 12[16]

AR 38 A A PFARFERIRF(R I NA)ERGT e P ER G P L (P
CMOS sensor 4 ef 7 =8 )2 SEd(H =5 B ) 2P fF2z @ ARG Ta b2 ¢
Btk Target (Xeners Yeewer) ’ 2% 70 3% 44 320x240 QVGA iz it ¢ & &5 Mid
(Xig » Ymig) > B ® X_mid =160 >y _mid =120 - F]y* j¥_Target 3| Mid &8 T & + 2 §E

Bt B e (39

Dlmage = \/(Xcenter ~ Xpig )+ (ycenter = Y ) (3'3)
To BB GT e ZERD, (R F)RR SRR ARk 2 Y

Dpea (B 25 2 %) @30 v rid FEREHIRLE 20 LPGT S FRBLFE
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HesSod 2w R e £360 B 2 LG FILAPR &L FE Y - AR RR
o we f @ pE e Sofic > 7 B 3-11 5 Robot 10§ ¢ P R4 i5d F R BRI Bk

T BEAEL R R B PIBELAOR (h B (2 16 Bl 2F)

1.2
1.1

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

Distance in cartesian plane (m)

45 48 51 54 57 60 63 66 69 T2 U5

Distance in image plane (Pixel)

@ 3-11 Robot 1 2.8 i g gz B EEYE(m)2 B 7 B

W 3-11 7 2 ¢ R gkl - 2 'jmvﬁﬁ&nﬁ$BMiﬁﬁéﬁi

y = 0.0005987x — 0.046155x +1.2203 (3-4)

Distance in cartesian plane (m)

45 48 51 54 57T 60 63 66 69 T2 75

Distance in image plane (Pixel)

B 3-12 Robotl 2. 2T & JEAp e F "2 7 B EEHE 2. - N7 d &R
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IR kPR el H F 0 APk A ¥ Robot 2 2 Robot 3 e 2 5
(3-5)-(3-6) (5 ¥ 2. x 38 5 B WFEH > y 7B 5 BROTIEZ G2 AR !

Robot2 : y=0.0003765x*—0.041034x +1.5281 (3-5)

Robot3: y=0.0005458x*—-0.05175x +1.6172 (3-6)
kR BRI GH  APERE I Robot & F 3 (TRMGE P B )E AR RS L
BEGDE Y R M ERE S AR L0 (B LD EREEL L R

+180°VfH]) » 4= @) 3-13 :

B 3-13 ¥ ¢ p &4 2 Robot ¥ z_ 4p %+ & & 0 % % )

PRSI R PR S R (X, Yoy) R B Y L R (X o Vo) K3
FEARAPRE2 0%k 0 hos(37)

Y. =Y.
0 =atan [%J% (rad) (3-7)
i~ N mid

obj

0e(-r, r]
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35 & PCxz Tk

#fd DSK6416T 2.3 * 1/O #(GPIO) - s i .7 — = RS232 ¥ 73 & » & 4 i
MBI R TR P AR IR A AR TN BE T PC AR MPB EAL 7 L E
# E?ﬁ:iﬁﬁﬂ:ﬁ;kar-rg]314 HT BB T2 2o NP Rn T T EEY
6Bytes i AL T PCef> Hd & 31 H i s BB AL A PR enip$HEgs &

— v

w(F LFHY 5 1Bytes) -

Red (Robot 2) Blue (Robot 3) Yellow (Target)
. Distance (1 Byte) | Angle (1 Byte) Distance (1 Byte) | Angle (1 Byte) || Distance (1 Byte) | Angle (1 Byte)
Robot 1 -
i‘ 6 Bytes ‘i
Orange (Robot 1) Blue (Robot 3) Yellow (Target)
. Distance (1 Byte) | Angle (1 Byte) Distance (1 Byte) | Angle (1 Byte) || Distance (1 Byte) | Angle (1 Byte)
Robot 2 -
}‘ 6 Bytes ‘i
Orange (Robot 1) Red(Robot 2) Yellow (Target)
. Distance (1 Byte) | Angle (1 Byte) Distance (1 Byte) | Angle (1 Byte) || Distance (1 Byte) | Angle (1 Byte)
Robot 3 -
i‘ 6 Bytes ‘i
B 3-14 2% UK S I T PC 2h2 TR

e Ap $tEEgr(Distance) AL & o Bk Sieris Men i B AR T e b 2 ok iRar
deBEdEE 75 B Gk o RIE N 0x4B 5 fdp# & B (Angle) AL & o d 4t 1Byte “Fit & 7
2oL B A 30-128 ~ 127 20 B > F]p AN g R T L Ar i 1 2.-180° ~ 180° ¢ &
B B - Bt b b gk > @ A4 E0-127~127 RAPR o @ 2 IByte 2 7 2 o H
oo 4o (3-8) 0 F R4 F T & & O(H - Degree)# ] & +180 fF » 3% w\ﬁiﬂ AR
B 50 R

0' = 61180*127 (3-8)

Zfsf eI »BH EE g3 TEpi i RS 60 R Bl 60/180%127 =42.3

~E

eI »E42(TOX2A)2 PCx > Hisid PCHBREFH2Z AR <] -
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A PCx4i5 i RS232 B4 Fld BT S orib ¥ k2 A3 TS (FRAL &
F- & k) AAPEER S 6 151 2 4 (3-4)-(3-6): & & Cartesian T & 2z pE(H i~
m); HFL BTN ApHEEREEOEETB9)R R H =i Degree > #icit
Fla+180 F 2 £ R O :

0 =0"1127*180 (Degree) (3-9)

Bois A0 b PC LR CE pl 2 B RS A B ATE B2 Ap HHEEAE(M) 2 & A (degree) © &

i RObOt3 4>t P Fr 2 F R ¥ F1]iEA 3 T A2 TI5W L hoT

@ e i ¢ £0.06 (m)

@ i r:xiZ : +£3 (Degree)

PRz ApHEESE R & R TR aRE T i chle BT 7 ¥Ti5 iE RS232 % 1B i
IPCx &3 7 B 15 %R FdLe i@ enT(FRFPIRE F 6 Bytes 2 F
) F IERIFER S M EE Y o G Fle 0 22 30em ~ 1.2m P2 % 2 (30em PG i E 4
AT S 2 R PR RS AP 2w N AR w R R S A2 6

(E43F 2 p o
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S BECTAY RF ARG EHE
e EIRY e

AL BREA NS IR B EA AT AEAMR S M2 A LR IRE A B

I

FHP BT R AL EARG LS DA A A 4.2 By i A et
22 B PC i 2 ehh & TR 43 iy B H

R PEAT L pad

AR EAL bR 2

A

bk 7

Rek? T BT AR RF M@K E R RE A gk Fomu L
E

Wi c HARTEINAFHT T2 (Awin) = F %L AM2400BS-RA 7 RF #i-%e (IC 3%
A % Nordic = 7 3 & 2 nRF2401) s 2 7 W Rl4eR 4-1 > & ~ 2 F 4o T 9770 ¢

L3 fERR A 1LOV-36V 2T > s~ B p @ hes H At Tt

?,h‘(

10.5mA ; %%
Ch ot 2 B Tonp 2 18mA - ACAREEFE 5 30mm x 15mm H IC 2R A i AEA

-

5mm x 5mm 7 24pin %riz IC -

St 2 B be Rl 5 2400~2524 MHz 2 ISMAE A 0 B < L35 125 B

WIS IMHZ - R 540k P * 426 83 B if B F ol i %

T
=l
5

= .
~=t
\
“

3. #& i ShockBurst #-5% » F 1‘»@;@ i % (Data Rate) ¥ i 1Mbps: ¥ #t & & 5d PWR_UP-~
CS iv CE = yagriz > #;gc} BAAG e R e A R T YU AR
Wt BRI T P RERS B BEF e B2 TR (TR
Bl4cl 4-2) 5 £ * L WA BT R § 2 BEF R0 - B
A F B

| 8MHz (4o ] 4-3) © # 15 4 #- % & % & 8-bit §r 16-bit ¢ CRC F L4 & 5 &%
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PR 2 A

B 4-1 RF 400840 e 3 4

nRF2401
Tx/Rx
nRF2401 |:>

Tx/Rx

Bl 4-2 B #0547 2 )

Clock ADDR, | DR1
Feeqy [—® Recovery, | CRC —» CLK1 Data(Fge,)
DataSlicer Check || DATA
Clock ADDR, | DR2
Feeo=Fge*8MHz |——® Recovery, B CRC r—» CLK2 Data(Fgg.)
DataSlicer Check | DOUT2

Bl 43 B ERTRFRESS BH2AdErRE THT LR
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Lit * RF EA@HCeps - LD By B (4o 8051) M- dp e B 3K R F A 4 il
¥ AR S 4 F % 2 CRC #554 (8-bit & 16-bit) ~ F#L Address 2 F#L & & (bit
#x) % 12 Bytes 1% 2 1% #6 PWR_UP~CS 4r CE 2_ #4131 8L%r = @ % 7] nRF2401 & & + o
H A bk T2 4r B (T4o ) R-4 #77 > 4 £ #-PWR_UP (Power Up)- 5 & fi » 3%
#-CS (Chip Select)» # % B #& > & F p¥3#- CE (Chip Enable)# 5 ™ i » ﬁiﬁ.%\» T Ut P

i
B A4k T R B3 > 2R 1S 12 Bytes A 4k M Fef 3 ¢ %18 Clock p#7% ik B

CE

CLKA BESSEIEEE0 0000
DATA SEAEEEEEE 00000

'y
Y

Tpd2sby

m

Bl 4-4 RFERBE -~ BlTiez 4402 (63K T 5 B

¥ ¢ 5> 1 RF ggﬁ@ﬁﬁﬁf@gfwﬁfgﬁf » ¥ iE 3 2% %5 ShockBurst #-3¢ &4 Direct
[

sk

38 o ShockBurst #-5% 4% i 7 on-chip sh FIFO » # i M enFd g F Fjafiedy B 2
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Code Type Sender Receiver Information Meaning
Request Robot 1 becomes the leader
0xAA Master (Robot 1) All Slaves )
for help robot and needs assistance.
Request Robot 2 becomes the leader
OxAB Master (Robot 2) All Slaves )
for help robot and needs assistance.
Request Robot 3 becomes the leader
0xAC Master (Robot 3) All Slaves )
for help robot and needs assistance.
Formation Slave 1 is already on the
0xBB Slave 1 Current Master . "
Ready formation position.
Formation Slave 2 is already on the
0xCC Slave 2 Current Master . "
Ready formation position.
Formation Start to go to the desired
0xDD Current Master All Slaves . . :
Go location with formation.
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Simulation No.| Formation Target Destination | Leader Robot Task Time
Simulation 1 Triangle (3,3) (-3,-4) Robot 3 111 Sec
Simulation 2 Triangle (-3,-3) 4,3) Robot 1 132 Sec
Simulation 3 Line O, -4) 0, 4) Robot 3 106 Sec

Triangle (-3,-3) 4,3) Robot 3 129 Sec
Simulation 4

Triangle (3,3 (-4,-4) Robot 3 228 Sec
Simulation 5 Triangle (-2, -2.5) (3,3) Robot 3 122 Sec
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