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A Design of Supervisory Control System for a Multi-Robot System
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Abstract - This paper presents a design experience of a control language for coordination of a multi-robot system. To
effectively program job commands, a Petrinet-type Graphical Robot Language(PGRL) is proposed, where some functions, such
as concurrency and synchronization, for coordination among tasks can be easily programmed. In our system, the proposed
task commands of PGRL are implemented by employing formal model languages, which are composed of three modules,
sensory, data handling, and action module. It is expected that by using our proposed PGRL and formal languages, one can
easily describe a job or task, and hence can effectively operate a complex real-time and concurrent system. The control
system is being implemented by using VME-~based 32-bit microprocessor boards for supervisory, each module controller(arm,
hand, leg, sensor data processing module) and a real time multi-tasking operating system(VxWorks).

Key Words : PGRL(Petrinet-type Graphical Robot Language), Formal Model Language

1.4 B

AEshd Az wokell A BEdeAug 4dadt 2APEE 483
71 $18) work cellgtell Al o2 dje] F’v"’: tulo| 28-S Aojd

JE AR FEENE MdEor & daye] FdEn
Ak olE 9shA, AurASl taskth jobd TR 193 Ay

Aol 3t ok ARAT, oo uhE Qe EZalE 9 Ay}
1i 2E Aol7|et al 7H‘”&4°1°F“} st} ey, Agat
R 71E 2R A deiEL 5H3 HFAEL vy
i ooju] Helojz Ay 3}?j71563‘41i“i B2 g Eis
Folel 2REE Aot spgsdeh ey a28F

o_l‘y
%

T_u_m‘lm

& A Hel Aok el BHAD £ WAlN At o
Bal, el WRAel &4el wsl $4E el 4§74

(Synchronization) 2 %A 4(Parallelism) & ¥ #sl=d= 2§
akx) rH1,268]. ol Audie] o] s AP g Jhofe)
Hoj7lellA] 2w sha) 7]E2] Text-based SIol2% 2 2
Ko] gAlo] Fasfor & #¢]g FHIIAY 7 L&"’:OI T3
3 AdE dhe] JIACENA, HARN,HE EIE ¢ A
v Qlot st 2R AR thAlel viEY] Algd] EHFO] AN
th E et o]H 3t EAE AFEy] Yt oy Z
Aol AAIE 7F 2o FaAsord e S Tz¥she
B3 oleld welwAES ol&std Aty 2Xo] A
Fefsloldt HA A AYg AN S Tl BRoz fLES
I oojol] i3t AR FHEe] AjojdolE 7H%‘6}9\1L’r.

T L EERRA A TILARL B - L
A& K BriPE e B

T R BB RBRE ST LB WA

U & W LGEH Bl

VI @ L4 KIST 0B THRIEES SEEMIZeIL - Lhy
A T 19954 TH 24H
Lx 21k 0 19953 10)] 1611
2K 2L T 19954 124 1311

AAAE B GYERE ZEaY = REL & 2

*1]01 714 Primitive motiong 703t A sigsie
Aoz 2ReAe 424 548 F 9gdsn] Taskdy 52
£ N7l A3 Formal Model 728 zEEu4), o 7)4
2R g 54 1 8N o 2 AA Ago 27}
S} olEo] A9 ¢ego] P A TS 7 FHiA
do] H4uAEE Yo ¥, £F 2R Z2aPe A23
(hierarchical©] i1 $-% H(flexible)o]™ A H A o Z (recursively)
Aoy 4 9lE BEAE vl olEd EAEd wgsg Fol
Sensor-based Robot Programoll #-83t%® A% Formal
Model>  ©9  Task® $33t7] s do3 ofire
computing agentE°] FAl 4E FES Jog|n AT
Ao Ay AMTRE e B AT w9 task
2 337 98] W23 computing agenty™ Moduleo)gt &<}
8t input port @ output portE ZFE port automatad HE
EASSIS S Module{i 2zt 2pRlere] sf3k A e wigsled Ay
s Aoxn oM 3 moduleE M AZA& Holste U3}
T 2R 3 ZEaYPstA o

Y 2] gy A RE o2 Formal Model=
delyl ZAZte) G AES o8t HA 2Ro] Fysjo}
g 99 35S AASH: RozA A F7hA] diREe 2R A
o]7)o) M= Text® HEF AU AL Aol A oA yd
oM ZEoA 2AGE AAFAT ol#g A Al WE-e
o) 2Rl Wit AY S Ty 3 AS A4 ZEAY
EH text® Y RREZZIH9 i%c’l FYst wi§
FEEA ALREY olEfEr)exe HEFA a8y, ol ¥
text-based A oJAolE o] &3ld Fof o]y 2R S *1]011'2} 7

2R ZRIW BEL e v AA #Age] BF
’T‘7}'/<] ool ¥lB R lgo] ojzifir). ol T EAE 5“@'5}
7] 9% x| HHo R 7)E text-based AloJ¢loio] Frf &

& A SAEE HEAESE FUHE Aojdo] Fo] vty
a ‘314[12,13].



B =FdAe e RS S Alojstr] 9d Ao
Aojz i AF7xe] HIWHA= FF thE Petri net& o]
3t Graphical Robot Language® #QHslx T+t Petri
net& 714, A7), AAL AFE F o] RokdA FolF Al
g8 mdglsie] sty AAlsle FHoR F83HA ALS
HE whgelr), 2HEA oM 2Ro] AMSHE AYPEFH
& Petri nete2 Edysle 3A 4AY A3 2 AYPTA
o AAEFe Aes Hrsle FHeR o)8¥n o
[91011]. &3] [QldME sty #ddiolA el 230
Al AFE Tk FAPNA Aol 2o Falsjop &
& Petri nete.2 RARPEI o5 9] A0zt FEwA
2 FogtezM APa gL ol AWt SRR 28y
2 AfoAE FolRl Alx F& e Ry ol
7t A3t 71Ee] 8 e @e] AgE Graphic Editor
4] Petri net& ©] &3] 2Ho] ¢ AYg TR IYPFH=
GRS % AYrle FHOE Petri netd o &3t} B
R 2R AYPE ety A4 Bdo] Hojd
Petri net& o|&Fozy tgFrREe YL &M =TE
2% 8 5 A H0on Petri nete® 7legd AYTRaY
< dMstd 28 APYE A (Deadlock) ® AL T
A (Resource  Allocation)5& AMdel  ZHAsld = F
(Logical Error)& W18 4 A HAvt

oj9le S Hxg} Mg AodelE Algdhe
AojAjado] AA Ala® Py 1Y 13 gon gy
& A7k Fa Aoy s FAaE

(1) PGCU(Petrinet-type Graphical Compiler Unit)

PGRL Graphic EditorollAl A}827F 233t program$ co-
mpiledte] job programoll th3l data file2 A= 7152 9
et AMgA7E A4S program® PGRLE ©]-83% graphical
symbolic high-level program¥ Formal Model language prog-
ram®.2 FA g o]# 3t programe PGCUY compilerd] ¢
& taskztel #AS FHS= TRM(Task Relation Matrix)3
AHER7E AO)El taskE FRE=d Hagh AR HRE ¥y
3l data fileZ 79 fu}

(2) TCU(Task Coordination Unit)

TCU¥ PGCUIA 4A€ job programel] 3t data file2
o] &5led HA jobd TASHE taskEZHY] AjE G333t
TCUx= =A PGRL program® H3& ©3e+= PGRL
controller®} Formal Model Language® H 3% task® 43S
w35 Formal Model controller2 -+ €th,

(3) DSPU(Device Control and Sensor Signal Processing Unit)

DSPUx= Y9 7} £& F%she 5HE device control
unit¥} sensor signal processing unit®.2 FART 1 FoA,
device control unit< inverse kinematicsE %] actuatorZ
FEgozR FAldd multi-servo actuatorZ Aolstw olE
controllers= MR &t}H hybrid position/force control ¥
impedance control® #& position/forced AMoish= o A€
S EFE A F UAEE HAEACHIZ13] A, sensor
signal processing unit& 2zt 24| g ZHE AN B9
4 A 715g g3

Aty ML dFsr] YA, VME-bus#2l 32¥|E n}

CHERRE 2l8 M2X0f Alagel 42

Trans. KIEE. Vol. 45, No. 1. JAN. 1996

PGCU
PGRL
Graphical
Compiler
Unit

Signal
Processing
Unit

Robot #1

Robot #2

Robot #3

a8 1 hEey AclAsuel AA Aad Px
Fig. 1 Overall system architecture of multi-robot control
system
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Module Name : Adder(i_input,d_input)(i_output,d_output){offset,end_con)
Input Ports  : int i_input{10] , double d_input{10;

Output Ports : int L_output[10] ,  double d_output(10];

Arguments  : int offset, end_con;

Preprocessing : int i=0;

Behavior

{ for(i=0;i<10;i++)
o_portli] = i_portli] + offset;
ifo_portlil>end_con) End_Condition = TRUE;

B
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module®- sensory module®} action moduled 1dste] W Q3%
E2g AAd37] 98 data handling ¥ algorithm®& £33y
input port2} output port¥ R zr=v} ol @A Aoyl 2}zto)
module® UFE module¥3 MZ dAH 0] AR moduled
g = QA gl MRS moduled A moduleE S

Arguments

Integer

i Output Port [0-9]

Input Port [0-9]

-’\‘Doublo

Double
Output Port [0-9]

Input Port [0-9]

%3 2 Module® 7|2 7%
Fig. 2 Basic module structure

(a) sensory module A4

102
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(d) task command module 4§43

(@) NSM( )cI)snjn) = [ SM( Xasbs)(sn) || PMI(al,bD){c)(Gn) 1| ]

(b) NPM(albD)(b2)(Gn) = [ Il PMI(al,bD(c(jn) ; PM2(a2)Xb2)() |

{c) NAM(a2) Xsp) = [ || PM2(a2)(b2)( ) |l AM(ca)( Xsp) ]

{d) NTCM( X Xsnjnsp) = [ SM( )as,bs)(sn) || PM1(al,b1}c1)(n) ;
PM2(a2)(b2)( ) || AM(ca)( X(sp) ]
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CENTERED_GRASP( ) )(theta_gain, xyz_gain)

= [ TACT( )(left_tact,right_tact)() {|

CENTERC(left_tact,right_tact)(d_theta,dx,dy,dz)(theta_gain,
xyz_gain) ||
MOVE_HAND(d_theta,dx,dy,dz)( ()]

MOVE_HAND(d_theta,dx.dy,dz)( )()
=[ I il FINGER(d_theta)()(): WRIST(dx,dy,dz )()() ]
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Module Name : CENTER(_input,d_input)(i_output,d_output)
(theta_gain,xyz_gain)

Input Ports  : int i_jinput{10] , double d_input[10];
Output Ports : int i_output[10] , double d_output[10];
Arguments  : double theta_gain;

double xyz_gain;
Preprocessing © int  left_tact , right_tact;

double d_theta, d_x, d.y, d z
Behaviar
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left_tact = i_input(1];
right_tact = i_input[2];
if ( left tact==0 && right_tact==0 )
d_theta = -3. * theta_gain;
else {
d_theta=0;
if( left_tact==0 && right_tact==1)
dx = 1. * Xyz_gain;
if( left_tact==1 && right_tact==0)
d x =-1. * Xyz_gain;

if ( left tact==1 && right_tact==1 )
End_Condition = TRUE;
d_output[1] = d_theta;
d_output(2] = d_x;
d_output[3} = d_output[4] = .0;

End

T actlle
Sensor

(a) Centered Grasp Task Example

MOVE_HAND .

CENTERED_GRASP

(b) Formal Model Structure

a3 4 Centered Grasp Motionoll ™3t Formal Model Example
Fig. 4 An formal model example of centered grasp example
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MOD_NAME(place id,ps_sem,csemi_input,d_input,i_output,d output)
int place_id; /*data baseol A argument® FEE i/

SEM_ID ps_sem; /#process switching®l AF83 semaphore®)
id#/
SEM_ID csemy; /A5 @Al o] AMRE semaphored] ids/

int i_input[10]:  /* integer Input port address — */
double d input[10]; /* double input port address */
int i_output{10} /* integer output port address */
double d_output[10); /* double output port address  */
{

WeHeNo 2
PGRL data baseOll Al Argument &%
Module®] H A% ( Preprocessing )

semGivelcserm);  Amodule®] FEER7F EXES-S delis MEs/
while(End_Condition-=F AL}

semTake(ps_sem, WAIT_FOREVER);

taskUnlock();

!‘1 Sampling Time & ¢Ctofl =& ol 0} &t

i Module?l Behavior 28
| R—

taskLock():
semGive(ps_sem);
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A module®] 92 o] REE 7} moduled] W3 process
switching® AR 2M task® FBsA HTh  Process
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I bbb A B A X 2] R0} Behavior®E zZH=th CMCMel d
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4ol processE YA 715 S GEsle] BehaviorEoll A
= AAE sub moduleg AE7] 93 semaphore operation®
sl o]idk CMCME Axg ol d§ pseudo codet
o gk

<Memory®l sub moduleErel /O portz AR w3l
port¥ sub module®] 7AW s >
FOR (314 sub module) TO (mF*]2 sub module)
IF (sub module® 314 module) THEN
input port CMCM9| input portE A&
output port® AW WREAZ portE A&
IF (sub module% "F42 module) THEN
output port® CMCM$ output portE A&
IF (sub module®] single module) THEN
A7 input port®} output portE ©]-&8t<]
sl sub module®& DSPU process® A4
IF (sub module®l combination module) THEN
%4 ¥ input port$ output portE ©]-&s}o]
&% combination module Lu‘%‘ﬁ}ﬁt CMCME A4
(o] Aol A3/ sub modules}te] 3
) THEN
input portZ °]A module® output portE AMg
output port2 A2 HW5FAA portE AHE
IF (o] Aol AA3 sub moduleit2] #A7} parallel)
THEN

BA 7} sequence
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NEXT

o & o], 219 4(b)9) combination module?! CENTERED.
GRASPE @23 CMCMe A A2 R oAM= "submoduled
processZ AAAFA #H3=d submodule® single module®!
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Behavior #% FHAGE Al93 Process switching 412
time delay”t 23msec® A AE welA, 1709 moduled A
285w o time delay® ¢F 05msec® dlatgic)

2.4 8% % 21

2.4.1 Formal Model LanguageZ 0|8
Servoing

B AFoNM = camera® B3 A7 feedback ARE o]-83
o SCARA ZXHo| 2ak¢l AollA ol EAE 35 1
d 6% #-2 visual servoing %S Formal Model Language®
ol g3t Aot ol wWF 2P FHAL  Visual
servoing motiond 3§ Formal Modelol AF$-%3= moduled
g3} g
FEATURES( ){(dfy,dfy,df,)( )
Sensory moduleZ# camera® %3 object 3
F&3 output portQ! dfydfydf,2 &£93= 7158

Bt Visual

r‘&

3}
o},

mlo o
m\m

o]
AL

rlr

CMCM #1

CENTER

TACT CMCM #2

FINGER

WRIST

% 5 centered grasp taskel @3 module® %
Fig. 5 Module structure for centered grasp task
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Vieion / Control
Data Q Signel

SERVOING
ALGORITHM

VISUAL_SERVO

33 6 Visual Servoing Motion?] 23 374
Fig. 6 Experimental environment of visual servoing motion

3 7 Visual Servoing Motion® 23 Apx
Fig. 7 Experiment photograph of visual servoing motion

olg g M7 moduled ©]-8% Formal Model %9+ v}g
it gon ofd gk AY Abale 19 73 @)

SERVO_ALGORITHM(df,,dfy,df,) (dx,dy,dz)( Time_limit, gain)
Processing module2#4 input port2 HE W& EAEk vigl
we} olE FAH3}rl d REo)S Aol & ¢S A}
output port®! dxdy,dz2 E¥sl= 7158 zt=r)
MOVE1(dx,dy,dz)( )( )

Action moduleZH input port® FE W& A E A Ao A
2Ro] 2ol & %2 inverse kinematics#HAE& Eshe 4
A 229 2 joint7l Yol & HAE ANSSY motorE
TEANIE 71%E #enh

VISUAL_SERVO( )X XTime_limit, gain) =
[ FEATURES( )(dfy,dfy,df,)( ) ||
SERVO_ALGORITHM(dfy,df,,df,)(dx,dy,dz)( Time_limit,
gain) ||
MOVEIl(dx,dy,dz)( )( ) ]

2.4.2 Formal Model Language® 0|8%t Surface

Tracking
£5o a9 force/torque sensor® E3 FAHHE o] &8}
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o Aojsn ol wWigt H¥L skt Surface tracking
motiong Y+ Formal Modelol AF&¥+ moduled &3
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2 #eshe 75 g,

TRACK _ALGx,fy,z,tx,ty tz)(d01,d02,d03,d04,d0s,d0s )(f_dir,

fN)

Processing module® 4 input portiz F we o] Wl
Fxste] g guprtr] 8 229 joint7) & odof & o
€ A3 output portSl d9),d9s, d63,d0s,d05,d0:= **"45}‘”

g e

MOVEZ2(d61,d6,d03,004,005,d65)( }(move_dir, move_dist)

Action moduleZM input portZ RE HEwo Ay ZRo
7} joint7t #Aof & WolvrE motorZ FEAVIE VS
EAR S =

Force
Data

Control
Signal

Bobot #1

TRACK
ALGORITHM

SURFACE_TRACK

8 8 Surface Tracking Motion®] 23 4
Fig. 8 Experimental setup for surface tracking motion

a2} 9 Surface Tracking Motion®] 4% AR
Fig. 9 Experiment Photograph of surface tracking motion

ol gk A9 moduled ©143% Formal Model Aol t}e
3 zEom oo et ¥ AL 1y 9.9 2}
SURFACE_TRACK( ) )(f_dir, f N, move_dir, move_dist) =

[ FORCE( ){(fxfyfztx.ty,tz)( ) ]
TRACK_ALG(fx,fy fz,tx,ty,tz)(d01,d0:,d64,004,005,d6
o (f_dir, £.N) ||
MOVE2(d6,,d6,,d05,d04,d05,d0s)(  )(move_dir, move_dist)

3. Petrinet-type Graphical Robot Language
(PGRL) 2| 7l

3.1 Petri Net Type Graphical Robot Language(PGRL)

Petri net& ol-&ste] Al2®l& FHEA =W AR (Event) )
ZA(Condition)®] F7+4| /l“ix—l"‘ Mo g Fokdn ARz
Alzglof| A 2lo)uli= action® $£8H Aol WA (occurrence)
2 Azgleo] A LLP”? AXRAY E3 A" dElE 2
ez mayy 3 E= A3l gg 7hAd weka Alxe
o] 2% Petri net® place Xd3 AFAS transitione 2
ZHsk] Al EAS A mdys £ QuoH1l] £
N A= Petri net o] 838t thempe] 2le mz1ddle
g ok A ZEol HA YL 957l e e
Formal ModeliZ 2l ©$] taskE PGRL] 7} placeo] &+
sk, 7} plaunt g 2ol taskE: 8 =91 AWE LjEh)
L taskZF SR EW placed Z71o] wrE¥r} TransitionS
# place?t 9PvIBhs taskel 428 A2 UehfE A de w
by, Abdol wAletr] Yl M= Sl transition®] Msx o]
ghtolol gl &, 91¥ place”}t 2jvlslE taske] Falo] ®
T HEF AJefoloiof transitione] enableFE)7} ¥k

o]y g PGRLE ol &3t A&7t vz zgde T
e Qe E B oM 13 103 28 WindowsE
°]8-38t Graphic EditorE TF&3t9r} o]#1%k Graphic Editorel
1= PGRLAIAl A}88h= place, transition 218)31 arc 58
graphical symbol®! o}o]Z(icon) 2.2 A)-Z&tn o]EL o] &3}
o Ab221E WindowsAol A graphicaldbAl i e] #9)4
xZz1dst 4 9l E3] Graphic Editorol 4 vl9-~2 o] &3}

i

Jo

Flic Module Hun Help

Lacationl

-l

1% 10 PGRL Z223& $3% Graphic Editor 34
Fig. 10 Graphic editor screen for PGRL program



o place icon® double clickdtd WA= E qaidaid s Sz}
o] ¥/, E¥H, $84&E ¥ place’t #E Z7] token?] 4
% o] 2ROl T taskE =Y WAF =7
parameter@g-& AHERIZEE VLR Fozx PGRLY
place”t 2Ro| F83lof & task? RE ARE ¥IFEE
T4 8k ok

3.2 PGRLE o|8%t =2 =Ye] Program Example

oA At viel o] PGRLY placet: &2 229 task
EA FYHA H R A" AYe ZlestEd o
oA PGRLe] HAd7 &AL Holy) Ydld Fuj 2383
Fde FF FH FXNE o83 =Y FAYS PGRLS o] 43
o 71&3kdrt 971 7143 29 AP Foo] 28 Arml
I Arm27}F 242t bolt FHAA 9} box FEFAE Y RES
o] boltZ boxol 443 F 2HY AES conveyor Yol &

FE AYE PGRLE ol&3ty 7l&sdnh 74 23}
JAl gk &) 2= 7 BE FF A5 HEL 27
g Fo] 2Ro] RFE graspdtelof d 27T, w3 Arm2
o oz boxE 2P Aol 2EEL Fol Armlo] boltE 4}
dalok sk xlo] Qlr}. ol#F jobe) HE ZUE W EA
s2te] PGRLY Fork ¥ Joing o83t FA¥CE o714
o3 & A WA loop’t FHE7 HAAYE p, ps, pu
2719 tokend RBH3ln glojof dm, EF start® Uehis
p& M3 Zyde] Rl place ol9 =7 tokend] 7/$E NA=Z
NHGo A AA 2 APE N WMEIHLE sgr) o]
& PGRL Program? 1@ 113 o] Yehn, 2} place?]
ojul= ¥ 13 g

E: S 1 Box 9 oAl 2} Place?] 2|v]
Table 1 Meaning of each place in a box assembly task

PLACE PLACE®] 2fw]

P Start Place

P, Armle] Bolt Feeder® o]% 29 AH)

P3 Armle] BoltZ grasp? AHH

P4 Feederel Bolt7} =23k AHe)

P5 Armle] Bolt& Boxol A= %37

P6 Arm27} Box FeederZ o]% 9l A

P7 Arm27} BoxE graspdt Al

P8 Feederol Box7} X33k AFef

P9 Arm27} Box& Fx FAYdlz &7e 3

P10 } Arm27F 29 ¥ BoxE ConveyorZ 71 %

P11 | Arm27} 2% ¥ BoxE releasedt 4 g

CIEE28 28t RE|M0| A|ARe| AA
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M START

P2

amr
goto goto
bolt feeder

bok available

am2
goto station

inssrt bolt
into box

T4
bolt inesrted

P10 am2
goto sonveyor

m

P11 arme
release box

assembie #nd

23 11 PGRLE °|4% Box %4 #Y Program <Al
Fig. 11 An example program of box assembly task using
PGRL

3.3 PGRL Program2| Compile®} Data File2l AiAd

PGRLel A place®] HAEE P={p,p,...pn), transition®] Qg
& T=tyte. tml® E88l2 place$} transitionilo] 9] arcZ
(mt) £ (w2 TEE 4 Aot PGRL programe 7|48
v v Helg ¥ 02 transition toll thdt 942 placee] 3
¥E IG)E FEsA vpRAR R ol he 28 placed) FH
& 02 a3 Zo] E8E ¢ o Ax arce] AFE
S 3=

I ={p: @EPeEA), O ={p: GmeEA )

Place pol Wislide oA I(p) & O BdHo] 245
B place p2 $E transition 42 FE arcE pEIlt) ¥ 4
OpE 9n g}

Graphic Editor)A PGRL program¢] =%  Graphic
Compiler¥ arcel 93t 44 #AZ 943t mA2 placest
n/l9] transition7t®] mxn FAYRPE, TRM(Task Relation
Matrix)& A4t TRMA i A 382 poll i3} transition
o] BAE Jeh j8iA L& o] thF placed] BAES
Btk 7] 12 (p)EA F polA 42 arc/t UE AL
guata, -1 GREA &, 94 pE arc?l Y& AL ]
g, 02 pist gAtelol arc?t 9l AL dnFich aebM o
=7 %ol place ®i= transition® input® output& TRM A
#Fxg 4 9ok 3249 PGRL =214 ol$t TRMS 2
o} 7}

Ip) : TRMS] ifA 3PoflA] 12 HA|E transitiond] AF
Op) : TRM9] i91A] oA -12 HA¥ transitiond] AF
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I(t) : TRM®| jHs FolM -12 BAE placed) 3t

Ot)) : TRMS] A dolA 12 FAIE placed AT
PGRL programe] Eol oA A3k task7re] oA A

HEuk olUe} taskdol Bad Ane ¥gc) ol

Hofli= Z=a)aljop 8t task®] o]} taskE S #sl=d] Y

parameter fbE°] Ao ol Wid dio|y Y TrE uhS

2t

I* 2 1% 119 PGRL Programo| w3} Task Relation
Map
Table 2. Task relation map for PGRL program in Fig.11
N | |
: Transition ¢ ¢ . t |t e |t
Place \\ 1 2 3 5 7
D -1 01010 0 0 0
—_
Dz 1 (-110 0 010 0
D3 0 1 1-1}10 010 0
P4 0 1-111 0 0] 0 0
DS 0] 0 1 1-1]0 0 0
1 0010 ;-1]0 0
T 1
|

0100 ]0|-111 0

Ps 0 0(-11]0 0 1 0
Pio 0 0 0 1 0 0 -1
pn -1 1 0 0 0 0 0 1
struct TASK {
short int  taskid ;s  /* Task id */
short int  i_nf5] ; /* input node id */
short int  o_n[d] ; /* output node id */
short int  n_token ;  /* number of initial token */
char  task_name{10] ; /* Task Command Namre */
int ivar{5] ; /* integer variable list */
double dvarl5] /* double variable list */
char  cvarld] ; /* character variable list */

)

3.4 PGRL2| Language Controller? 7= % 78

Bl Aokt ohE Ry Alojdole] A3 FRi: Ao
Aol ApAe] e ol F MR FAHY. 747 taskE
ol gate] AT thrRREY HA AP L HAI PGRL =
aE, & ARle] 2EE Alsh: ¥EF Formal Model
Language® HHE 7} taskE Hojshz REo] gl ol
Aol 19 1949k #@ol 7}z TCU(Task Coordination Unit)
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9] PGRL Controller®} Formal Model Controllerei 4] 3<%}
t}. Graphic Editoroll A AM§27F 24 T2 3PS compile
o] data file2 2™ PGRL Controller$f Formal Model
Controller= ©]& #=%3to] CENTAURY job programe 3
stAl €lth. PGRL Controllers £ Azxsle] A =38}
oof & task® 73 Formal Model Controller® 3% task
9 4+ %Hg& A2l Formal Model Controllerol) A
PGRL Controller2 58 23 WHE W taskE: T35l
F3o] B F task®®E AFZE thA] PGRL Controller® 3
A5 ok WEE gy, Taskg® A& E 4¥ke PGRL
Controllere= 2t place®] A YJHE Bl c}o| =83
oF 3t task® AAA drl. ]2 PGRL Controllersl X
2ol #dok & taskE AA3E algorthme the3p )
4714 trmlmlln] mA9 place®t n7l2 transitiono] st
m>n dAZEYH TRME AFsh= vidg gl

< 7F4 i place pid taskPBANZE Fa1 >
FOR x=1 TO n
IF (trmfillx] = -1) THEN
/* e Ei= transitiono] tall piE gyoz =y
AL */
IF (x4 transition tx = enable) THEN
/* piE YEeZ 2= transition, t«7} enabledHA|
HAE =/
FOR y=1 TO m
IF (trmlyllx}=1) THEN
/* enabledt transition, t.2 &%
places ZiAbx/
v A place, py9 task 4°
Byeg
Formal Model Controller
2 Af
NEXT y
NEXT x

3.5 PGRL Program2l aii4]

3.5.1 AAB 7 (Resource Allocation) 22| s{&

Petri net& ©]&3tad 2& ¥ == 7jesi=d o] o
aforst Alglo 24 Resource Allocation® A7} it} oj@l s
A= FHE F e 593 AU (Resource)E AMEEHE K
Mol de] Task’F A9 F-3da] wAS, ojuf Mz A&
8ozt sl AP oW Taskol Al gl & 27 AAE
EAlE 9ot 9S50 19 129 22 PGRL Programol
Al Task A% Task B7} 5d% Vision Camara& AHE3h::
3% o] F/hS] Task?t §Alel 4 du] FE(Conflict)o] #
AshA Aok B AFddAe olHdt FAE A Yty
Semaphore g &8 Y33 Place2 o] &3t Conflict’} <%
%+ Taskzte] Mutual Exclusion £8-& 7Hs3tEE FA 8
. & 2% 12(b)¢} #o] Conflict?t 011”54% 5 Tasks 43
Al714= Z+zhe] Transitiono] MFHAS 2 Semaphored ZHE
% sl WA =9)& Al&8lE Taskrt ’—}%1—% iAo 72 o
& Task? 488 FAANINEZ2H ConflictdE o3t



3.5.2 PGRL Z21a%e| iy

E =AM Petri net®] s oM nEEHE oA
Adz 2Rz &l4e]l WR3 Safeness, Liveness,
Deadlock®] a4l thate] A7t Safenesst Petri net&
o] .25l Hardware device® EHHE ¢ najsiofd A3
24 Place®] Tokeno 47} 1& ¥X #&w Safe sltiz b
th B oAFgA olEF AL “-5":01 3 Placegl &
FYF A ddEHel YEAE LFE A5 4 Utk ®
& Liveness®t Deadlock2 #3FE ’\l’\%«] Resource
Allocation®]  delA A7IEE FAFOE LivenessT
Transitione] Fire®d 4 AEA FE HAbes Aol
Deadlocke EAlo =¥ o) olde ZzAxrt N2 4
o] AM&ELEL Q& Resource® 7lthE]a glo] el ¢ol
4 AgE § ge wAYHE Bk

Petri net® sfA8l=d) ARESle Ayt Wyoz= EA
N/
(a)
Task A Task B
N/

(b)
8 12 593 Resources F#38= F719] Task?’t 52100
8 5]+= Petri net ©l
Fig. 12 An example of petri net which two tasks sharing
same resource is accomplished concurrently

CHE2RE 25t H2|H0 AlA-C] G2
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Petri netell ™3t Reachability TreeE ©|-&3t= 9y 3} Matrix
equation® o] 8= Wrle]l vk WA Matrix equationd Al
L3l WHS Petri net®] Place®d Transitionite] HAZA#A
JHE 2t Incident Matrix® o] &3t 54 v del(Petri
net®] 2z} Place’} #ZH= Tokend & uYeld)e =237 $
% Z} Transition®] FireH& 858 Alshes wWjot). o ¥
& Petri nete] @2 vl 54 wdHE mgv)
SR ARE FAHoR HE]) YopE = AN 1
(Solution)7} 2} Transition©] Fire®+& 3498 vepd @
Aol AR 2R oot & AAL FEZHO HA ¥=rh
3 oj2)st Wb o2 Safeness, Liveness, Deadlock® ¢ A1
A7) g Yy EA7 28HE BRE A 99 v
HE Tl old i3 E@rts ARE BF ARl s
A g8l HieA gk

Reachability Tree& ©l-63h= W& Petri net®| x7| #}7
HEHE BEH 7Hsd RE viAHE 1suto 2z Treed
TAskE Aol o]RA 28 TreedlA e 7H5d XE v}
deje} ol o]27] 98 WA Transitiono] FireE 2
7} dehgez -?'loil*i A3 AZER FAFH ] doju=A] o
P& & 5 itk & Treed| el & w5 Fol| Place?} 2
7} o] <] Tokenp_ 2= AL BAEEANE AAbetd
Safeness& & 4 2.8, Transition®] Fire¥+« ZA2F 3
% Yeh}A] @+ Transiions Livedt#A 228 & 4 Ut
E3 Tree®} 727F 53 w14 eA ol 7‘133’6}/‘] &3t
AHE 1 BRI Deadlocke] LA F UASE A& +
A dE Bol 1§ 137 #2 T Efx’—-/‘ﬂiré A
P3¢t P45 23 wAEo] FHFFS2ZH Deadlocke] ellds=
Petri netoll Al 27] wp el MO [1,001,1,1,0013 2. o
7A [ 1eke] 84S #MUYE PO, PL, . . . P7e] Z7]9 %
+= Tokend 4% Yepdrh ojadt =744 Enabledt
Transition T8Z} Tl11o] FireX1& A9 wA& Falvrh=
o2 Treed 7/43H9 19 149 #Th

Aot ZE TreedlM 2t wiAS Adste AR 2493
Transitione 34 #7} 7Hel7]E Placed] 9387 918 Firey]
o}o} 3h= Transitiond YERATE o]9} go] 2 TreeolA
M(2) 2 M)A 2+zE T103 T13°] Fire®lH 7] w7 d el

hu 02: ﬂJIO H:} H)’ K=

7
2

Process b

Process a

a7 13 B4 9= T ZaAs2 4% Petri net
Fig. 13 Petri net composed of two processors executed in
concurrently
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M(0)=[1,0,0,1,1,1,0,01

M1)=[0,1,00,1,1,00] M(4)=[1,0,0,1,0,0,1,01
VA

M@)=10,0100,1000 M(3)=[0,10,000,10] ME)=1,000000,1]
{Tw ’"1‘13
M) M(O)

23 14 1¥139] Petri netel ¥ Reachability Tree
Fig. 14 Reachability tree for petri net in Fig. 13

Process b

Process a

8] 15 Safeness, Liveness, Deadlock® 4|7} o)Aty
Petri net

Fig. 15 Petri net expected safeness, liveness, deadlock pr-
oblem

M(O)Z EFote x5t M(3)el Mi= tol4 Enabledt Transition©]
3= Deadlocke] #AlgS & 5 9l

o] 9}2+o] Reachahility Treed FAst: Wil 2 o)zl
Al2=el g A3 53 Petri netol]l sl 2ABHOE Treed
FAgstin olZ WO R Petri net®] Safeness, Liveness,
Deadlocks& webele=dl w9 8814 AHEE 4 9l =
AreA= Fo{7 Petri netel b2} PGRL Graphic Editor
ol =3 mmiiefol oF) HA4¥ oW Fele] Petri netol
Al #jAle] 7PF58HEE Reachability Tree®) =bs-447)
¢} olF vl o R Safeness, Liveness, Deadlocks ZAbap:
PGRI, AnalyzerZ 7Wda}av} Tree2l s e x7)
v EIRl Tree®] Rooti RE] A|ZajA] Zo|A] ¢ 2%e
THEZ 2t Node® Child NodeZ A9 4 (Recursively) 2.2 Al
‘33l 7k= Depth-First Traversal Algorithm ©]&38}d Tree
£ AAEA €, o8l PGRL Analyzer?] Flowchart: -1
d 169 #rf

PGRL Analyzer®l 982 Graphic EditordlA #Adx =i
Zg o) ¥ TRM(Task Relation Matrix)o] Huo, 3¢
/¥ Reachability Tree®] 41} Safeness, Liveness,

110

main B0 Zuy
mother marking, M el ME Y8

i
FOR (2T Transition) TO {DIXIR Transition)

o>

deadlock trag = ¢

TIoh tireQIQg ¥
marking . M tmpS

29
28

M)l HEOE
HEE marking2p?

YES
L W_tmpE chiid marking, M c2 BR I

W o0l (BB WCTF 4/90

sateness waraning
LI -1-4

[ wom wiwnzwee wz |

[ weot resin 11t wng mj

L4 deadlccn warnning

deadlock_flag = 1

YES

Ilveness warnning

32l 16 PGRL Analyzere] Tree®d @ 3141 Algorithm
Fig. 16 PGRL analyzer for tree generation and analysis
algorithm

Deadlock®] A2 ot} Tree®l ABE Tree® Node, =
Zt wpggdiel olol i Headst Tail®2 FAYT Heads)
TailZ Z} v defell A 2b2t %3} olgj& o iy v}
o] W&9 Transitions) WEE X oz A Tree
o] FxE YehiE ARe Doubly Linked List Hei& zt:
2 stglck ool e 3 2N 1 139 Petri netoll olsl
A28 Treeol My vha} ot

M(0)-[1,0,0,1,1,1,0,0,] tail={(1,8)(4,11)} head={(2,10)(5,13)}
M(1)+={0,1,0,0,1,1,0,0,] tail={(2,9)(3,11)) head={(0,8)}
M(2)=[0,0,1,0,0,1,0,0,] tail={(0,10)} head={(1,9)}
M(3)-[0,1,0,0,0,0,1,0,1 tail={} head={(1,11)(4,8)}
M(4)+[1,0,0,1,0,0,1,0,1 tail={(3,8)(5,12)} head={(0,11)}
M(5)-[1,0,0,0.0,00,1,] tail={(0,13)} head={(4,12)}

W -t g PGRL Analyzer®] 7132 $98) Deadlock
of MAEE 1Y 139 Petri netel Place, P83 P9 -12] 2 Tr
ansition, T163%} T178 F7}g0.2M4 Safeness ¥ Livenessl
AV AdEi: 19 159 @2 Petri netel Wid g 5
Astdrt ole] gt HAF A=A WA E Reachability Tree
¢] 4H.9} Safeness, Liveness, Deadlocke] ZAAMAM= the3}



2t g71A 5 6, 8 9, 124A2] vpsgoll A Tokene 47} 19]
d¥E Place?t WA= o} Safeness A7} Aol 6 npzl
ol A= Deadlock®] #AE ™, 174 Transition, T17& &
X Fired A %o} Livedtdl #4588 ¢ 4 ok

ook ok ok ok ok ke sk Kok Kk skokok *
<<< Data of Reachability Tree >>>
ook ok k Sk ok 2k ok ok ok E3 3 3 KKK E3 3

M(0=1001,1,100.10] tail={(L1000413)416)}  head={212(1515)}
M(D=[01001,10010] I={ZIDA313KE16)  head={(Q10)

M( 2={001,00.1,0010) tail={{0,12)(316)} head={(1,11)}

M( 3=(0,1,1,001,0000] 1={(412)} head={(216)(5,11}7,10)}
M( 4=[L,1011,10000] tail={GI07INI0N3)  head={(312(B10)11,1500,16))
M( 5)=(02001,10000] tail={(31146,13)} head={(410)(1,16)}

M( 6)=(0200001000] tail={} head={(513)(10,10)13 16)}
M( D=[101,101,0000] tail={(310)8,12)} head={(411)}

M 8)=[20021,1,0000] tail=((4,10)(9,13)} head={(7,12)(12.15)}

M 9=[2002001000] tail=((10,10012,14)} head=((813)}
M0=(1,101,001000] tail={(610)(11.14)} head={(910)(4,13)(1416;
MD={1,100000100] tail={(415)} head={(10,14)12 101516}
M(12200,1,000,1,00) tail={ (11,1018, 15)} head={(414)}
M3)=(0,10,0001010] tail={ 616)} head={ (1131410}
M(14=(1,001,001010) tail={{1310X1514)(1016))  head={(013)}
M15)=(10000001,10] tail={(015)(11,16)} head={(1414)}

sockkkkkkxk Safeness Check ssssokskokskokskkkokokk

Warning Marking[5}={0,2,0,0,1,1,00,00,} is not Safe !!!
Warning Marking[6]={0,2,0,0,0,0,1,0,0,0,} is not Safe !
‘Warning Marking[8]=(2,0,0,2,1,1,0,0,0,0,} is not Safe !!!
Warning Marking[9]={2,0,0,2,0,0,1,0,0,0,} is not Safe !
Waming Marking[12]={2,0,0,1,0,0,0,1,0,0,} is not Safe !!!

skkkkkkkkknkkx Deadlock Check #skssksdorssrkskskk
Warning Marking[6]={0,2,0,0,0,0,1,00,0,) is Deadlock !!!
sxkpscokoroeek | iveness Check *xkkkkxkkkkksikok
Warning Transition[17] can not be enable '
4.2 £

B AFoa] 7hwdt PGCUE Petri net® o] &3le] Zi o
g ZR2afste 28 Aojdold oA 7|Ee Y=
A8 8 MEL AlEen, 1 §F84E HEdAE AFIHA
Al ekl tE 2R AYe ®¥EA QoA 7|EY
text-based language® vt & © XY g ol HE
o] ok %3, PGRLE 7} place’t Yv)sis 2439 a9
187} taski= sensor-based robot motion®] Y L ¥ &
olstleE AMAY Formal Modeldl 98] 3% 3, Formal
Model9] 7} module real-time 0.5¢] 5% process® T&
stk g B AP ME Petri netd] siA71EE 908
AA3 PGRL AnalyzerZ /W#5te24 PGRLE Z¥EP u5F
ZE Ao A dojg = dE =FE A FAstA 8
2% 4 A=A

CISZERE 2IE B2(H0] Aln"e] &
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£ AT AAE GF2Re o4 Ao Add PGCU,
TCU % DSPUE T4HE task 43 2 A Ao QoA
o AAHL WPEs FYPshE AA= o YUEe 4yn
B8 BeE 278k AE3 Azde] FAo dojq HmE
g Az 488 F A& AHolth
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