4 oA e 9 R

Al 7 A 2R AT

Aol +x AA

& = A M)
71 2 AAEs A (Aolest AF)
¢ = 737 = 4
1999



AEY AW WAy 2R A2d9

Aol 4+x AA

Control Architecture Design of

Internet—Based Personal Robot Systems



Control Architecture Design of

Internet—Based Personal Robot Systems

Advisor : Professor Jong-Hwan Kim
by

Kuk-Hyun Han

Department of Electrical Engineering (control program)
Korea Advanced Institute of Science and Technology

A thesis submitted to the faculty of the Korea Advanced
Institute of Science and Technology in partial fulfillment of the
requirements for the degree of Master of Engineering in the
Department of Electrical Engineering (control program)

Taejon, Korea
1998. 12. 31.
Approved by

Professor Jong-Hwan Kim

Major Advisor



AU 7|t v 2d 2R A 2H 9
Aol F+x A

k= o

1%
o
r

9 =R BHH & A gEron

TS QB A AL B

1998 12¢ 28¢

AARIRE A2 T 8 (/D
AL A" o[ (Q)

AN 9 F W (Q)



- LE LN



MEE st &, Kuk-Hyun Han. Control Architecture Design of Internet-

973724 Based Personal Robot Systems. S1EUl 7]¥F H2d 28 Al ~H=
o Aol F% AA. Department of Electrical Engineering. 1999.
80p. Advisor Prof. Jong—-Hwan Kim.

ABSTRACT

This thesis proposes a novel control architecture for internet-based
personal robot systems. The personal robot considered in this thesis is a kind
of service robots which can be used for a person’s convenience in the house.
It has a wireless LAN system for the internet remote control. Users can
control the personal robot using a simulator located at local sites. Since the
internet time delay is affected by the number of nodes and the internet loads,
it is variable and unpredictable so that a large internet delay makes some
control inputs distorted. In order to control the personal robot without the
influence of the internet delay, a novel internet control architecture is
designed. This architecture guarantees that the robot can avoid obstacles, and
reduces the path error and the time difference between the virtual robot in a
local site and the real robot in a remote site. It consists of a posture estimator
based on the posture information from the remote site, a command filter
constructed by a command queue and a command generator, a path generator
for each sample time and a path-following controller to recover the time
difference. The difference between a virtual environment in local sites and a
real environment in remote sites can increase a path error between a virtual
robot and a real robot. To solve this problem, a virtual environment
supervisor with a sensor feedback from the real robot is proposed. The
results of simulations and experiments demonstrate the effectiveness and

applicability of the proposed internet control architecture.
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mean standard dev. | min. value | max. value
same domain 20 msec 51.7 6 msec 0.89 sec
same country | 4194 msec | 92 95x10* 39 msec 343 sec

=

T 420 AP IEY ARE A e A 2

mean standard dev. | min. value | max. value

MON. 531 msec 1.42x10° 48 msec 15 sec

TUE. 6880 msec 2.89%10* 45 msec 343 sec

WED. 1480 msec 7.77%10° 44 msec 154 sec
THU. 1030 msec 4.16x10° 45 msec 68 sec
FRL 779 msec 2.59%x10° 49 msec 35 sec
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432 AEHY Azt A BA

AEH ARE AL va3 22 2 7HA 840 os) A4 €

D B Az AR A% &%
@ 7+ nodedl A9 AR A &=
® 7} node?] 3te] wa A A7k

@ =4 Mz29 bandwidthe} A4 AR =

gitEe] SAl AR FAolEe] AHgHER AW AE S o] Lo P 74
node| A1 2] FH 2] £&= nodedl AFH Aol wet 29k ZF nodedl -8k
Azl whel Wi, shE BER #3o] 3E7] Wit dSsr17t ol ek A= QlE
o] o] &at £7F BoAd AR Ad® Frbehe A ES o] gl nixeo R
S A =29] bandwidth7t ZFobA AU, e A% FH ko] Frkstd AlE Ade] F7k
SHAl drk. B ARE A Tk $19] Hl 7HA 845 o &ato] thaat 22 424

o7 FHo] 7hsaith o] W & WA B4 Az Zololx, C: W &%, R

gl

X

i WA node®] B8 A7, tH(k)E node®] Fabell gk AZF A M & AE A

b

b2 ¢ HA 4 AR bandwidthE ekl
[.
T k) = ﬁ;}o [é+z‘f+tf(k)+‘%] (4.3)

2(43)& Akl weh Wa ke 7 dy 3 Akl wE e 3 (R TR
stel theat ol B & v,

. i R, M L
T k) = ZO (c”z + b,»)+ &yt () (4.6)
- dN + dL(k)
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433 9HU AIZF A I

JNEU AIZE A o] Alz=gle] YA Ao il mA& @3S dotr7] 93 local
siteo A sine #S 217F8le] remote sited] EEdHE FHES SAI Y Foz A}
&3 sine ¥ vt 2k Fug f=10Hz, 1% A=5, 45 ¢=5, 2L Al
g 7] T=0.5sec °|t}.

il

y( k) A sin( 2zf kT )+ ¢

= 5 sin( 107 £)+5

1% 415+ local sitee] 98 o= A7k g3 remote sited| Al TS gHe FAOl U
B Zlolth 1® e B Ul ARE A9 FEFow B ool dojds o 5 Stk
7} A sine FEO] ¥ BRI} EAEE Bl Sk dve Aotk
A deol7f AEF TR AA E BS, o)F F U o]de] A& Fhol

EAo] remote siteol] =3 7] wjEolt}.
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time (sec)

19 4.15: SinegHol o AIZF KA gk
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Internet
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T ®th 2 Qe A A T, 7 248 49, A7 A ol N el Aol 4

o] Al remote sited] LA Hol A7t WE HJRE oA Hrth

(4.6)

ole} 2L QB A7t A|de] EAL AT Aol A AolE HE A4S BAE
AN 7= 7 2 9de] "k o]AH-2 3 nodedl A B2 FE17F FAEWA HARIE
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T2 I 28 JIEY Alo] 72 M1°] 9AE AH g€k
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441 QHY Ao} 4= 1

AA Alz=sle] 7| 2A4Q1 A4 Alo] F2= ojv] 2244 tFoI 19 239 44
o] Fx(b)-(i) S 718 722 o]&ste] A Remote site®] ZRS 944 Ao
317 913l local sitedll= A EH O HE TLE3I 3, AFEAE A EHOHE S 3o
T gHES 2t 21 A AAE AEHeHE HH Y (feedback) A A #HFZ
(closed-loop)& Bggth ZEL FH S At Fefsite F&& 398y,
Al o]H O 7 BEE ov] &l Qe M EORTH A ARE Wolso B

g 53] o¥E A T

b

F

Velacity

Simulator
(local site)

29 417 QA Alage] R g
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O% 4179 AA Alzdle] 7B fLxE Juko g AASE Al Ao X 1S I¥
4.18¢F #t) ApgAF Qg # o)~ (User Interface)s AF&AZE Bl2ad 2ZE AJE#HolH

(Personal Robot Simulator)e] 7Hd 239 S2dS& AlZtH oz #zsla, A5 =5

o Ao} 4Ee AEY TR APHE )5S Atk AFY T2 A 289

Aol 1 JdHl(Internet) §S T3 2= S, FA Al EHOE 9} A1A
F47](Posture Estimator)® 8@t 2E2 Ao ¢S do} g2zlo] & 2Kl uf
A A ARE JAHNTS F3) local siteS] A F4712 HH Q) Alzich A4l 374
7](Posture Estimator)© 2502 5E A9y 2] 24 4RE o]&sto] dAl A&
2] o] ¥} (Personal Robot Simulator)®] AAE FA38ta, F4E @& AlEcHE 9]
HAZITh AlEdolE = AHEAL JIE #| o] ~(User Interface) 278 Alo] ¢=e A4 &
of FAretH, AAl FAVIRNE AA AAle] FAHAE ot 7P} mEo AAE HAGT
ok g AA) 7Y 2R Al ARRAL QI Flo] 282 o] AZERl Y ghow
ARGETE A ZEN TV 23S 47 A E ol &ete] Al B4 M S F

3 Fuiel Aolg AuE opunk

AlEdolE e 7t mEol AAE FAHd= AA F47](Posture Estimator)s 2%

o) ¢H9l AH2(35), 36)% o]&ste] THITE ZROBRE AYE= 2xe] A
2 PYUjHz A, (G+1) 9A 23 A PG+ 1)E ;oA 2ol 24

Py et AHAL o] gdto] TS} 7+ observer Ao TAE 4 9}

P.G+1) = P.()+ J0D) Hw, (), 0, + K.( PXG)— P.(j))
where
cosd, —sind,. 0
J(8,) = | sinf, cosd, 0}
0 0 1
v, . v, T .
[wsma)rT ° (1—cosw, ) w,T , if w,#0
H(v,, 0,) = 4 4
[ Tv, 0 017 , if w,=0
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P(i+2) = P.G+D+ I(6.G+D)H(v,(j+1), 0,(i+1)
= (I- K) P.()+ J60/G)H(v,(), 0,())+ K, P)

+ J(0.G+1D) H(v,G+1), w,(j+1))

P.G) = PGi—D+J(O0i—1)H(v,(i—1), 0,(i—1))
wif 1= (+1) ;
P.) = (I- K)P.(j)+ J(OG) H(v, (), 0,())+ K., PXj)

i 0> Gt 4D

P.() = (I- K,) P.(j)+ J(0%4)) H(v,(j), w,(j)) + K. P%;)
+ S ) H o, (), 0,(B)

oy 0< K, <1 o £1& gtk 23 A4 34715 A(ANE ol &3k 714
2H A AAE Lopd 5 Ak AUl Ao 2= 19 AAM FA7I9F AE Y Al
T 10, Q8 Ul Ao % M1 AA F47](Posture Estimator)= 25 943 125

Zreth,
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Simulator Sampling time T = 0.4 sec
Posture Estimator Gain K, = 0.2
Sampling time Tr = 50 msec
Maximum velocity Vmax = 30 cm/s
Maximum angular velocity Omax = 6 7ad/s
Maximum acceleration Qe = 50 cm/s?
Robot
Maximum angular acceleration e = 10 7ad/s’
Size of Body W= 7.5 cm
Length between two wheels L = Tcm
Radius of wheel R = 2 cm
Number N, =5
Sensor site angle 6, = 25°
Angle between two sensors 46, = 30°
Sensors
Maximum sensing distance Do = 40 om
Minimum sensing distance Dpin = 0 om
Sensor position R, = 4.5 cm
Size X Ex = 312 cm
Environment
Size Y Ey = 153 cm

F 44 R e A% vivhws g A
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<}~ RealExpl.env - simulatar _ O] x|
File Metwork Simulation Mode View Tools Help

os(@] sJc 3] #fo [T el[v 2[3|[ered [V Bla) 3]

Robot x=577.5 y=265.3 th=-26.2

% I
5
!

S

Ready MU 4

18 4.19: Local site®] 7HMd 28 ol A= (IHU Ao F+x D

5{._ RealExpl.env - simulator
File Metwork Simulation Mode View Tools Help

D|(@|[s c|&| =2fo [T E[[1 23] Eifez [v B[A] 2]

Robot x=577.5 y=265.3 th=-26.2

Ready MUk 4

29 4.20: Remote site?] 2A| 2% olF A= (AIHY Alo] +x= 1)
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442 QHYQ Aol 7x 10

AEML Ao} 2 I Bl Alo] 7% 19 Al="le] W& A2] dE(Command
Filter)7} F7bg 725 zt=th QIEY Alo] 72 [ QIEY A7 A o] AZE +7]
T Bey 2 4%, 29 4163 o] Alo] 9 AR &do] Mgt o] AL 3 /)¢
Ao} YJelo] FAlo 2o Qe y] wfolrh AUl Ao = 19 EAHES 4
7] 98] W e HEE 27138 gyl Alo] 2 I (28 4.26)2 A|oksit},
H# A "E(Command Filter)&= AEUH-S T3 s Alof §i8s 25
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B
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X
off
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Joll Agsi= of2] 7le] Ao} el tpAl AER F71E FIRIAT WE A
BE| o] F7h= Aol sige] EAE AT ste] 7 2Rk AA 2] A4 eag E9
oh 29 4242 WY A A9 9T yeRin
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Command Filter

a. Command

u,. (1

» (1) Command Queue Generator > u, (k)
n | status | status |

a9 425 Command Filtere] %

HE A2 "H(Command Filter)e] F+3% 19 4253 o] W& F(Command
Queue)2} % # o]Foxt. W¥ F(Command
Queue)?t B A7) (Command Generator), 28] H#H A7 FE(Command

Filter)= t}&3} 7+o] DEVS(Discrete Event Variable System) Formalisme.2 %

W 7)(Command Generator) &

& 7Fs3lth DEVS Formalism< Atomic Model¥} Coupled Model & 74 ®t}.

Atomic Model

AM = <X, Y,S,ﬁm, 8Z‘m,/1,ta>
X o input events set
Y output events set
S 1 sequential states set
Ot - external tramsition function
(RxX—S, Q={(s,9lseS,0<e<ta(s)} )
Sim © internal tramsition function ( S — S)
At output function (S — Y)
ta : time advance function ( S— R 7§ )
- Queue = <X,Y,S, 0.4, Oint, A, ta>
X = {U,,, done }
Y = {Uout }
S = {(n,status) | n={0,1,2,-++}, statuss{Busy, Free}}
Ocxt 6ext((n,_), Um) = (n+1, _)
80 (_, Busy), done) = (_, Free)
Sint = 0 (n#0,Free)) = (n—1, Busy)
A A(n*0,Free)) = U,y
ta :  ta((n*+0,Free)) = 0
otherwise ta = ©©
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s Generator = (X, Y,S, 8o, Oins> A, ta>

Y = {Uout }
S = {status | statuss{Busy, Free}}

Out ©  OulFree,U,) = Busy
S © O Busy) = Free
A A(Busy) = U
ta - ta(Busy) = T
otherwise ta =

(sampling time)
(0e)

Coupled Model

CM = <X,Y,M,EIC,EOC,IC, Select>

X imput events set

Y output events set

M :  set of all component models in DEVS
EIC :  external input coupling velation

S CM.INXM.IN
EOC :  external output coupling relation
S M.OUTxCM.OUT
IC :  internal coupling relation
S M.OUTXM.IN
Select :  tie— breaking selector ( 2" — @—M )

s Filter = <X, Y,M,EIC,EOC,IC, Select>

Y = {Uout }
M = {Queue, Generator }
EIC = {(Filter.U,;,, Queue.U;, )}
EOC = {(Generator.U,,, Filter.U,, )}
IC = {(Queue.U,,, Generator.U,, ),

(Generator. Uy, Queue.U,, )}
Select :  Select({ Queue, Generator }) = Queue

W& 27 DE(Command Filter)E £% Ao} &S wolEo ¥# F(Command
Queue)d AA3T) Wy ¥HA7](Command Generator)s= ME8 7] T nitl 93
ol AE £ Ao JES WE A dHe 902 YR oju ¥ A F

gel qadn 289 27 Uy, = u¥d), U = u k) BALS & 5 At
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P.(k) : =HAZ I3 ko HW 2R XA
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P(7) : 7t 2R
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FAstt 2o FoIA A PR G E 443 2ok
TIF 4.278 19 4289 RO AF Aol A IEUl Ao 2 19 2o AF A
oA WHAR A R A% BasHe] vehin werh b 2Ra A4 239

T WAL a7t dE] Ak Ae a9 4299 A9E ) 113 4 9l o)9 72
2 A¥ Ay WE A2 el (Command Filter)e] gtz Adwo] 7h53sit}h Wa A
2 ZE(Command Filter): QEUIYLS 23 ESoox Ao dde wa
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N
N
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frt
oE

Generator) & &3l WolEo|
T 5 oQurh 2o Ao A 2y mee s 2 ey} FASER Ao o
Aueo] EAo] WS god, HA 2RE TP 2R 2 AA S Fdsl drk
B Ao 72 Tl A= eap7h BAlshs 992 A 7 7ok 3 WA €<l
& 7P B mAllah A 233ke] Zpelolal, F A= F RIEYl ARE Adom A
2R Aol 4 grol 09 A5 2ol A HELER S7h FolEal, vy Ao
Aol Eolew thA] A 7hEER Sm7) St o Aot me] A A= 7t
i 2R AA 2RO mdo] AXaly] W] AR oA AN Fae] F9wk s
oh Aol o A= eabe 2RO MERTE S5 FolEH THE

o= 7Hd 2Rk Al 2Rel AFe] dAj

AEY Ao} T2 [19] A 23 AHe] QoiH DEY Ao} T& 3 2L A%
o] EATA SHethe AL AT A 2RS4 AT & vk dolA 2 o

o

Lo A ZEgke] A7 F 2ol EA] %, HAF SRR 9GSzt 2 AEY

AZE Ado] wAskE 9k FAT Az 2ok a9 4319 AgelA BH 10%
ol 4] 20 Apolell 2 QIEjUl Ak A Q1o YEhdt A& o
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- RealExpl.env - simulator _ O] x|
File Metwork Simulation Mode View Tools Help

Dls(|] 5[ 4| 2o [T el [T 2l [ e[V Bla] 2

Robot x=552.5 y=238.9 th=-2.8

Ready NUM 4

T1® 427 Local site®] 71 23 olF 4= (JHY Al +x 1D

- RealExpl.env - simulatar o] x|
File MNetwork Simulaton Mode Mew Tools Help

D|S(d|[s c|&| &2fo 1Je 1]z 3|[eeg[v B[4 2]

Robot x=552.5 y=238.9 th=-2.8

Ready MUK 4

% 428 Remote site?] A 23 o]% ZA= (Al Ao +x 1)
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a9 429 7H BRI A 2R Ar oA (I Alo] & 1)
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=
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1400(¢

12000

Local to R.
R. to Local

% 4310 98Ul Ao P01 2o AF F AU A7)

20 25 30

time (sec)
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443 AHY Aol - III

AEY Al F& I B Ao 72 19] Ao 98 Furt SHHE dHdE B
ghet SpARE 19 42400 veRd Aafe} o] QIEYl AR A2 A
BRI A 2] FA e oA AAE AAA ek AEU Al T2 1= A
ANzEo] 2 AAE 8 AT AT A iR B 2AS wEeA Edid <
ElUl A7 Aol ofgh F 2RI AR} FUkshE wAE Ay 8 19 4.35
b 2L Bl Ao 4% IS AlRbgith

)
i
2
)
o

JEIM Ao} 2 I Al Ao} 2 1Mo 4= A4 7](Path Generator)e} 7% =
F% A|°]7](Path-Following Controller)7} &7} #+2% zZt=t) AdEUdS 538 &

o Ao JHLe adiz R Yoz AMEEA ox WA PR WA 7|(Path
Generator) 2 Y2 ¥o] Algdlo]H o 7MY =Ry} $dg FRE APANA Uitk A
AEe ARe AE FE Ao7](Path-Following Controller) 2 9951, A2 FF
Aozl 259 Ao} P& vhEo] ZEo] ArE wEtEF Alojdit

AEM Ao -2 IS B UES S3g Ao} 3 HA 259 s Erz
oz QIEY AZF Aol ofgk ARkA} A& At ¥E A8 FE(Command
Filter)9] W& %A)7](Command Generator)ol A W& WA= 718 AZY 5
7] T ®Boh 22 AFH A4k A AlZHprocessing time) 7T, & vk 4 itk &=
Ao 4e AR EAS oA s mEI AA 2RI AAE £9
A2 AA7](Path Generator)dl A= AlEeolE 9] 7 ZE3} dAshe BES AE
ato] MEY FUIvttk A28 F7F A HER, AE dRe M 2Rl A=
A7, 28 4328 AEYL Aol &= MM AHEE ¥¥® A8 ZH(Command
Filter)®] &#-& etk QI Al A|A Ty o] F, WH WA Algte] AEE] F7)
Rup 28 A4 A F71R AR ongith ofwf QB Alo] & 119 ¥H A
dH Rt FoE Aake vt 2k

At = NT—NT, = N(T—T,
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Generator = <X,Y,S, 0o O, A, ta>

Y = {Uout }
S = {status | statuss{Busy, Free}}

Sert © OulFree,U,) = Busy
St © Ol Busy) = Free
A ABusy) = Uy

ta :  ta(Busy) = T, (processing time)
otherwise ta =
u, u,
A A
Command
Filter
> >
; T, : T,

g 4320 IE Aol & M9 ¥ Az A

Yl Ao Fx M9 4%, A= A 7](Path Generator)ol A AAHE 427t o4
& 42 F% Ao}7](Path-Following Controller)i= A4 A|28lo] Ao @ ook
S R AAE FES T 2R AR Atold a7} fle B, AR FF A7
(Path-Following Controller)2] #d5¢] EojZthd AA 2522 7P 2830 &

o 048 1w Rolth A2 FF Ao}/l mio] /F A2erY Hold 92 4

rlo

BRE IR werte A E st A2 FE Alo]7|d s oln B AT
[21,22,23 2417} o] ol itk & =olA= &9 Hed W ¥ (Uni-Vector Field
Navigation Method)[21]& o]&3te] ZHE 3% A)o]7](Path-Following Controller)
& TEgH

r

9] W4 3 w2l (Uni-Vector Field Navigation Method)& 93t 71& A&

2 FAo=m Fud

)

o WERS FHANT. G Tl MEE wE QoA 29

50



ol% WakS AN B} R AFalo] 93 Aol A v wEo] WakS wlalrby

N
ofN
2
o
fitd
rio,
o
rr
o,
fitd
fitl
A
o,
ik
A
%0,
hu)
I
o
I
e
o
rlo
oM,
fitl
4o

2 A of7)e A A}LE=

1Y 433 AR FF A7 w9 WMEA

Y
V' N

» X
O 434 @9 Wy dPs 93 W4y AA

delel A P oA wg] WEs} o] R 7 gy & T o] Aos 4 9t

O(1) = 0,—sen(Dtan "Y(g |11Y), 20, o1 (4.8)
A(48)8 7% AnznE "Wold Az [ o] 25E 99 wEs} Ane o] R 7o
+90° o FPAA I, AT 0ol AAGASE (0 2 AEES guETh 45 ¢ 7

3 g e FAEE B9 wE e moks AR A4 ¢ Fol AAY g o] 24
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% /1 Az w=s) $Esks Mege] FPAL. T 44 UL 2AW £ &

2o skl Folvt ek F @] 2P0 Ak SER FYsks WYL I

4= F% Ao17](Path-Following Controller)& 93te 425 webrlr] 9e =4
o Ao} A [v w 1T 7S AAIY. 4, = 22| A4 ZEola, 4, = w9 W

oF 23 A ZEe] oAolrh Ast Azl B4 @A) i = Az oxjolr

K,sgn(0,)\V 16, + (cos @ (iTe_F sm@cTy) v 49)

S
Il

v = K,4s

2(4.9)9 Aol <

Aeg ol&ste THT F vk (41003 o] Lyapunov 5 A¥dit)

=
o
O

|48hd 0.5 002 FHs/ €k 6,9 492 Lyapunov

V=16 (4.10)
0, = Oy— 0,
0, = 6Oy— 6.
_ 90y dx | 90y dy_
= (oG o
= ( a{ch vcos 0.+ aaiN vsinf,) — w
= —K,sgn(0,)V |6,
“V =26,0, = —-K,0,] <0 (4.11)

Lyapunov 49 A7kl ojak w2 A1) 23, 2 e 34 ond 47y
2t} o] W wEgko] 07 2& AL 6,9 Fo] 09 Aol M g, 007 5
dapl Ak 0,—= 00 FHste Ae Ten go] T & ok
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(4.12)

» 0220

— tan —l(gyl/C)
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Vor

2
oF A% B4E MEEE A Do,

K,

16
<

0.(0)—

16,001

(
~W =80~ 5207 L 6,40

0 (8,

{2

= —gy'°

4, = —K,sgn(0,)

Oy = 6,— tan "(gl'')

0.(9)
A

e BRIy

(4.9)¢ 2
2
FAE e A 2(4.12)9F 7ol ¢
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o

Al
(x0,50), ¥920 1 A5l djsf 2o 7]F

1,

9|

F A7 7 A g=1, c=2 2 44

He Rz %
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of
FdE = HEAS ARy

Ay
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pud

# %9 A9

] (g, yo))oll ti®

7] ¢=x
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User

Interface
A )
F (i) (1) > y (7) » Command
\ 4 Internet Filter
» Posture |¢—— il Path
Estimator| £, (/) at . P
. B Following | Fs(s) |, (k)
”r(l)v v . (0) Contr(:ller
() l P | pam
Personal Robot Generator
Simulator

Personal Robot

, 1 I

Virtual )
. Environment
Environment
Local Site Remote Site

29 435 19l Ale] =

u,(3) - ALEXtol| ot ;e Mol & [v,(2) )] "
w(7) : olEUng EniE Ay Ao

u,(k) : Command Filterg Sast £ i Hof
Pg(s) - 7tak 280 239 5

w: A2 =5 Mozl 23k 2Re| XMof 2l

P, Ad 25| sixf XA

P.(j) : El=5felg 93 j wn 28 XA

Py : olefuts =05t j e 22 XA

P.(7) - =9 g2 0|88  Hul 2R XM FHA|

P(7) : 7t 2RO Hm 2R XA
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AEU Ao] = M9 o] 2

AEY Ao} 2 IMI9] ¥ AF Ave a9 4.36, 1F 4379 Zrh AHY Ao
T 0] 2o AF Adpe AR Y 25 A4 A5 EAHA St
ol A3t whep o] THF RO AHel EAHA ] EASAE A5, AHEAE AE
dolHE Sal M RS Aofst=d 2 ofewS =/A Ak

S Aol Tx MGl 714 =3 A4 23 A oAt Am 2E A7)
(Path-Following Controller)9] Aol wme ZA4¥rh ¥ A2 HH(Command
Filter)9t 4= A/37](Path Generator)& °]-&3to] 7} 259 A4} sd3 s
AE T Utk AHE FEE AA i) Fgte] webd 5 e A7t o] Fojd W Q&
A7 AR etk & =RddlA 7S AR FF AorE o|2HoR 2AE fld
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- RealExpl.env - simulatar _ o] x|
File Metwork Simulation Mode View Tools Help

Olsl|l sJ< 4] 2l 1fE (2[5 e[V Bla] 2]

Robot x=543.8 y=243.8 th=3.4

Ready MWLM 4

1% 4.36: Local site®] 7 28 olF A= (AHY Ao 3 D)

<}~ RealExpl.env - simulatar _ O] x|
File Metwork Simulation Mode View Tools Help

DIs|@|[s c|3]| =fe 1fe 123 [eEe[v Ba] 2]

Robot x=545.9 y=245.2 th=3.4

i Py
LI

Ready MU 4

9 437 Remote site®] 24| 25 olF A= (AEY Aol = 1)
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600( T T T T T T T

H Local to R.
500(r ~~~~~~~~~~~~~ R. to Local -
3 400(0r 4
72} ;
g
E‘GOO( -
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o
200( .

100§

0 5 10 15 20 25 30 35 40
time (sec)

I 4400 QY Ao} 2 I 2o Y F AU At A A
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45 87 Wss 1Al AA AxQ9 7=

ol

3% 4419 FEe A4 21 843 7P @49 Aol S EAAES At
7] 9% o AHT) MY B2 on &3 Qe AA B JHE nfgon
FHLAT AFEAE P A B 2RSS Aol HuR ) 84S A4 Ao
2 ) A ol AA 7o Wale Y @73 ZolE wol] HW, ARERl
% 7P 2R wASda AAl =R Sl & Apol7p B gEo] ok,
uhEbA A e MEE & A, 7 @3 Al @3] Aolg Fole WY

of gk o257 aHT)

User
Interface
A 0
Sgs u, (i dge
‘F)c (l) # ur (l) n Command
. Filter
> Posture | P(j) ~—
Estimator [ 5 ath- P
: A & Following | £5(s) |u,(k)
U (Z)v VPC @) E_% Controller v
Personal P()) ul 4 p
<« . Path
.RObOt d’( 7) Generator
Simulator
7'y C()) d(j) Personal
vVVYY Robot
y Pl Virtual A
Virtual Environment 4
Environment|| Supervisor Environment
C |
Local Site Remote Site

O 4410 874 WEE nEd A Axaele] px

dv(H1"
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~~
>
mn
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e
mjo
do
ro
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=
x
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o AellA AgtE FEe Al 2RtegRyY AN JRE Tolsols 7M€ dY

)

ZH(Virtual Environment Supervisor)7} F7Fch 73 874 @Ak A Al 71A] 9]

=
& sk Jlsolt stz A WAl A4 Aue g FhEe by 879

451 A Ruol @ FolEel A4

23 A4 Aol Ve he e geolEe] Anm AgT Aol B 7 B4

7F Qe 2Rl Aol "ojA = EAu 2 A9 FE AR S8 BT Aojer
B Thede] Anh 7Y B0l Fewol FrhEE UMY 2R O AE AYE
T QU A, AFEAE FUHE Foles A Aol R ddshs o] WAt met

max v, = U, (4.14)
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FolEel oFE ddste Y2 remote sitedl A TS Aol o frElsith
Remote sited| Al ol &2 FE Fukste] Q2H HefEo] gl Aol AA HR
£ HYga7A] ot @t} & F osite 14 AR AFHS £ F dves AHS %
=t}

452 A48 Fo=o A

A(4.14)e ofsl A8 FejEe 7HE @ H&8ky] e A" Aefgel o

v 7P B0 FASHE FAEAA ] RS a0k k. olsh 2o BES £Y3
A g A= AN 2Ad o3 o) EASH: Aejzel FujE AHAZ 4ol
Brh M9 a7t girka APgShA olml Jbg B7e] EAsks FohEate] B e

H(415)9h 2ol AT 4 ek oW dy, () M BN FRel 4 zitel
m AR AR AR SA el
| &, (D—d,.() | >0 (4.15)

4(415)9] 235 WSS G5, AN GRe] e Qe Felee 7 @7l
2 gty 23108 WS g A4S, AlA FHd 9 <
ol

| o] EAShE FolBa FUsthaL Bergh Aze o)
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453 7V &40 dd Mz Fol=9 A&

AA Aol ela] A4E gelzol A4 BAd] EAA e Awe Fogw W
A Aol Az gl dF Aug 44 BAe] LA FojEo] olF AA
Auel A4 wite] AM AWE olgdlo] FolEe] AXE T 5 AT MY BAL
Acel) ©91% A Ho] Q7] Wiol, Fol=e] HEE o] &3y

otk Al shtel 271 lomx lom , AN ZAZE om &
m WA NG O 2e FolBe] MRS Bt gk oy 9} j = AF S

zh=t,

i = x.+d,cos(8,.+ 40,m)
j = y.+d,sin(0,.+ 40,m)

(4.16)
CZ‘]‘ =1
g B AR R AEe A BN A AR S8 2 w2

Qe B AsAsh b 2y
olelat FAE AN ARE o3kl ol
(cel)ol AZE 71Hlife-time) PolGozn hdol sbssieh A AE /3
(life-time) & 7 Ae] gholl ols) AT Fo] Ao] Fojgw A4slo] 9 A
ol AE 7Ike] Aol x, T Ao FohEe] FAHA G HPolE AE )3kol
ol Atk o e Aol oo oa) WA Aol ARE WE A7 o AAFE o
HgT e A7) A Aolgrrhs 2 oo AF 717ke A AGeThE A
sgirh AE Acel)s AE 7178 Al me g4 wdlo] AP e Alcel)
WR(ife)e L oleba Aelaih Aol AME AGE 4 o s A7kl W Aol 4

et o]l ¥ 4 Ak

i
o
2
il
o
il
T
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lr
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o U
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1o,
o
N
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it

_|_.

i

of.
Mo

L (t—t) = g AT (4.17)
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Ci—l, Jj-1 Ci, j-1 Ci+1,j—1
Ci—l,j Ci,j Ci+1,j
Ci—l,j+1 Ci,j+1 Ci+1,j+1

% 4.42: 2133 Acel)e] A
A% el FANE AGAE ARE A, T Alce)e] A RS

oA A 4 gk RS A9 e BF A @ CF; 2 Add y = A

S Cyi(t—ty) = sgn(max (L ;;(¢t—¢)), Lty) — Lry) (4.18)

where

2(4.18)& ol &ste] A AFE 7|3he AAFo M A ol o FH U W)
7FeAdol T A ok To I ARE #FE Az el AASE Aol shEsidh
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A A
1 1

Gy

LI ‘H

2% 4430 AlcelD)®] A 713 ¥l
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#+ RealExp2 env - simulator
File MNetwork Simulation Mode  View Tools  Help

D|=(E| sfc 4] &fo [T €][1 2]3]a][Ereel[v Bl4] 2]

Robot x=542.6 y=238.0 th=-0.5

Ready UM Y

9 4440 AA AGHol ot M 7] WEl (Local site)

A RealExpl,eny - simulator
File Metwork Simulation Mode Miew Tools Help

D|=(QI[5 c|*] #fe 1Je 1]z 3]4|[Eeef[v B[A] 2]

Robot x=542.6 y=238.0 th=-0.5

Ready LM 4

% 445 Remote site?] A A ZH9] ol AR
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EjUl 7k s ad 2R A ARS EEk] fs)A 1Y 513 2ol
A8 #4E AT 23 A ARE =2 2ol A% CCD s B8 dx

S olgate] RES Y FAHoR
Aosts AFE R AEEh Remote site9} local sitet= hel ZAFEH ol +d 5
] local site?] AlE#HOIE = A (Reflector)E 3l remote sited] AlEHO|HZ
&9l Remote sited] AlEH OB« A Al=ElS Fd 42 229 Ao Fxe}
local site25H HAFE = 2R Ao JgE o] &sto] EE Aot} 259 Ao
¥ RE FAlS o]&sto] AEg

Vision Process

CcCD
Camera

57600 bps

Local Site /
Remote Site

RF Module

28 51 AL 93 AA Ax"Hle rx
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Ao Abest 2Ry Hld A 2aee] AbekS yehla, 525 AdA] A

At wiARSE YedT
Size 7.5%7.5X7.5 cm
Weight 430 g
ATMEL 89C52 11.0592 MHz
CPU 32KB ROM, 32KB RAM
2 Motion Controllers (LM629)
Robot DC motor
Motors 130:1 Gear ratio
125 pulse/rev resolution
Power 96 V
L 418 MHz / 433 MHz
RF Communication 19200 bps

Vision System

Vision Process

+1cm resolution
30 frames/sec

Serial Communication

57600 bps

¥ 51 23 2 uAH Al A= Aok

Simulator Sampling time T = 0.4 sec
Sampling time Tr = 50 msec
Maximum velocity Vmax = 20 cm/s
Maximum angular velocity Omax = 2 vadls
Maximum acceleration Ao = 4 cm/s’
Robot
Maximum angular acceleration e = 0.3 rad/s’
Size of Body W= 7.5 cm
Length between two wheels L = Tcm
Radius of wheel R = 2ocm
Environment Size 130<90 cm
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AEU Ao 7= Io ui A3 A

- RealExp1.env - simulator
File Metwork Simulation Mode View Tools Help

ols(@| sJ< 4| 2o [T [T 2|3][F e o[V v] B[] 2]
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