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A Simulation
Technique for

the Performance
Evaluation of the
Multi-Robot Inter-
connection

Systems(MRIS)

FERFTER

BEASR TR TAH
A SR TR

(882)

g2 %

A 2] BolllAe] tEaRAadd g
PoAol 7L 7] wgel], o]l ek AlAE
AseMo] +dder Fedit. & =EdMe
ERRA2H ] 5HHE A AFE A&
old WS AAET HA LFAE JTHE 1
B3 tFzRA2gd tate o 7pxe 2d
3 Y FdA4 & dE VE 2EE V|22
3to] ZAFE Agdold sk A& AASL A
NE AEF oA WY fEAE AFs) st
o Frlxoz FAYRES 7122 ¥ 47 ¢4
frEstd £ 7hAe] 23E vad 2o 1o
2535 7159 REAA FEIT 75
P OE2RAaEE 44 £AHE fE)
ANE S 7HdEC] FasH ot 71y
o A AxEE gEs] 2Hd Wy
Q. webd, 1 fagel d5d %lvﬁi
#oldg olgstd oy A & Wy
olatAl AeE & A& Aotk

My > @ st do W ulo rulo
4, % r°l‘

ol'o i

Abstract

Since there are increasing demands for multi-
robot interconnection systems(MRIS) in indus-
trial manufacturing system, the performance
evaluation of the MRIS is first needed. This the-
sis presents a computer simulation technigue for
the performance evaluation of the MRIS. First,
we consider a error recoverable MRIS. We
adopt the extended Petri net model as a com-
puter simulation model that allows an easy eval-
uation of the performance. To verify the signifi-
cance of the proposed computer simulation
method, mathematical analysis, which is based
on the given queueing model, is carried out with
some design issues for the MRIS. In addition to
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this, it is required to analyze the MRIS consider-
ing collision avoidance as well as error recov-
ery. In this case, mathematical analysis needs
hard assumptions which are the constraints for
the precise description of real environment.
Thus, we present a computer simulation model
and its results suggest an optimal operational
strategy for the MRIS under given conditions.
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A o s A Uk S ¢ F Uk I
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AEH Ol dFAIARE A Yo 9%y
(continuous)#} ©}AHy (discrete) & 7}z &
A 2 5 ol AsRe A2del e} 94
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F2EA2HE AFET, FAY, 2FAI2H
T Zo] o] AL &) Aelrt WalE it |
A} A|2H= (discrete event dynamic system
DEDS)e.2 & & glor rulo /2 & o &
43 mdoln A7ide]l ¥gE F4 2delH,
W glo]l FEHY 84 2ol ot &4
Azd BeH7E Y3 298 Y oY 71
7b o1t Ho'e Al2gl mds WS AI7HE,
Fe7, =94 424 wet o5 # 13 2o
+R3AAh ojFqA 79 2L 1 2YA7F &
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2 A= a8F08 2dE) o] BAZY = ¢}
o, J8X @2 o4t Y AlxEle ALde
zddg 3t §A8t7] et 3 ml2ax g4
(Markov chain)& A433d] &% AoEo0] B
A o, AeFte] EETH R Ftaa,
2d& #A37] dEthe Bl . o9 Rt
o HE VE 2y 7HE 57139 A, =
2|3 ATBA, 723 FEBAE 7HR ol R

Azgle] mdd Agsith. @A7kA] o] §H I
= HEY VEE of¢ oYt metd olg

BRI MU 2] B wet ojg 7}
g & glovt Aoz, 1)nAY duje) 3

Eg] d)E(classical Petri net), 2)4ulsld HE
2] U|E(generalized Petri net), 3)Ze} HEzZ
| E (colored Petri net), 4)A)7t HEZF HE
(timed Petri net), 5)&& ¥ E&] 4 E(stochas-
tic Petri net), 28] 6)83 #HEg U E(ex-
tended Petri net) $0.2 g 4 itk o]ZdA
A A2" topde BRI E 3 FHEY
U E7} Agtsit.
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Automata/State Model
Finite State Machine
Extended State Machine
Petr1 Net

untimed

deterministic logic

Communicating Sequential Process
Finitely Recursive Process

untimed

deterministic algebraic

Markov Chain

Queueing Network

Generalized Semi Markov Process
Generalized Stochastic Petri Net

timed

stochastic performance

IL CIS2EXRA|2H 14 W 2W™

2 =RoA 2HsaA s B x4 o

(884)

FERA2H9 74 Yoot 2R B =YL
ANBT BYE T ANE AN T AN
HEF E BYS AFE ABHgoR &
$5n FYRPL £3HY BHL A3t} A

LE
. '



36 19954 8H BT TG H22€ F8
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Z2AANA E Z2ANZ FFEE olFF AL
= AFAITHE L3, F Z2AAAA F =
ZAAZ HHE olFH Ade gAF ATE
a3 AE AAC)) 2 gAF Al(g
(C))& Reed™ o] AMEE Ad} 2ol A5 1
ol o vt JEFez dolg AFd
a3 A7t(startup time) & F7}E FEj2 /1A
st} ARl o Al(D) 3} 2ol YeRE 5 9)
o A7N0A ky, ke AE ATFOIL, ks ke G
AE Agold Ce A5 WH 9 AFolth
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SUPERVISORY
CONTROLLER
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CONTROLLER1

(g 1) A2" 4

FC)Y=k - C+k,
&C)=Fy - C+k 1)

Tsail'E b 289 &5 I7HAE UFrdle
b 1)%7]$%(simultaneous motion), 2)PZ ¢
% (coordinated motion), 3)SH &% (overlap mo-
tion) Fo] IAECY. FI7leF R FEEFS
2R 2e 79 7 A = Jhesiuig
T Q] At BREAL R B0 8
He B AUES 7Y A st Ha A9
48 AREE dEAE 7 Ut SHEEE o
o] 2ol EgFog AAldA dFH HHE

H3h 2, AR oA, AR 2 5 o9 At
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Aol 2 A APES e 2REC| £H
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TEE
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-2 oy 7By el ek Hu B A

T 2R BF A A7t g /13 F, 494
e A7 EEE 7 =9 &8 ¥ (exponen-
tially distributed independent random variable)
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(non-Markovian queueing system . G/M/1, M/
G/1, G/G/1) o2 AZ3A @3 nf23z 7Y
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£ M/M/m)ez AZel St 2AARE &
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23z AL 7 HE FH ARt (state time) &
WiEA] 2|5 BRololof YLhO meby & 2o
HE 779 23 $F0] Nz F440] ohjnz
IRES e A2te] &8 HE 3 (probability
distribution function)= A& E@Z oy =i

g 7RIt 7188 4 g & =&d4 1Y
sh= A9t ABE B AYSE AT
AP gE(PS), APt Fe WY 7lF
o 719 (PS) Soltt.
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EdA Boldt AL 274 ERAMY & EWA
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Z7Z(conditional) E#AA : Zx]o}= (inhibi-
tor arc)® TEol=(activator arc)E AMEde=
B3¢ WEE 2 281 =8 o83
44 37 Y3ty =% Efx|Holtt. FAloj=z
U FEotas g8 EFojago] 21 EdAA
o 24 Egolxrt Htk £EE A o|FdE 2
A ZgoladMe EE 582 gl 24 EdlX
A ko] ALYy Al 27 EYo]AEY EE A
FE Vet &,
EZo] gle

(38 2) 23 o)} 7 7HQ 24 EdAA

Edol27t FAY A= EARA] 371 (470
=174) 2R, okag I(167=T7) &
A& ¢ =+ ok

35 A9 (probability switch) E#AA ;1 A
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B upe} o] Mt dojd wnjr} F:oi7 &
Fholl wat #7171 "k

L —
” V-
(38 3) & 29 ENAA. p+p=1
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2 (enabling rule)& Foj7 EfAM f9] AR
%7 (precondition) 9! BE Fg 0|2 thate] &
Ao EZe dErt 948 FE Bo Aok Hu
a8m Fold ERAMS A% 27 (posteond
tion) Q1 BE FF o|Ad st @A E29 4
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A o Aot 7hssta At Adkes FolR E
WA 49 4 SoladN EEE AL
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2 g3t 2 E2Y AR (M )= Ry
A(3)7 o] Yerd # dok. o] & JE
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M(pl) = I(piy t}) Vpl E* tiy

:1‘3]:11 M(Pi) = Vi € lj* (2)
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(28 4) ds2XA29e #F HE vE

(W) 2738 758 339 75& 7R Al
2H 7z

T o 2Xo] FAd 75E o 4 2RE
Aojgdo] AXA| dow ZRE Aolo] FE
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D ER2 FEIY A

ps i 2R2 B &) 7Y 45
po i AAFY A

t D BE A9A EdAAL
2Rl SHYY Y ¥4
I 2X1 3599 A 54
t: &g A9A EAAE2

D 2R2 SHYY A +F
t I 232 3599 A3y &
Z7) 49 M={1,0,0,0,1,0,0,0,1}

(28 5) FEIVA g = vE =Y

ts

O
Or
t._L
i
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pu 2R SHY9 &Y
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Pt 2R2 ZHYY F

pu: 2X2 3599 A4

pis - AYES A A

Pis D BR2 AEEH & 2X1 A
Py 281 APHE & 2X2 AuiE
too Ty g

t, 1 21 ERAAL

& 294 ERAA] 27194
8t 281 =59y Y &

t I 2R FE9Y AY 7

i  8E 293 ERAE2

T(XY Z)) =

t 0 27 EAAA2

ts: &F 29A) ERAMH3

b 2R2 SHYY &Y T
to ! 2X2 3599 A w4

D BHE 29X B3l M4

te B% AF(ER2=ER]D)
ts: HE AL (ZEEI=2E2)

(38 6) 3E39E nfd &% HE vE 2

37 HEZ YEE dAA AAE UdF2RAA
Hof 283 Ao ol 18 6414 RojFm gloh
7oA && 29x EWAM 4,3 t,9 TES
T 2R FF AY9Y Y v & et 2AA
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Y FoA 7Y 2 e 712E 8o $44
29¢ fEd B gEagAadd gE 79
22 ol 13 73 2a )AL 7R REH
FAL ol A(4)—(6)7 2on -1 f=gy &
Aol B 23 #Az A3 o7l 59
=g Fx37] v

f0) 1
nETES T
”E@ U2
*@ Uy
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T + f(C) + Tscn (4)

Y7 Dol BE(PS(XY.X))3H 2
iz dste] 4B BB 2T FHF I
ZCRXY.X)E AG)8 A6)2 olgald
7% % 9.

- Cor w
er ‘

i=1 L j=1

BS(XY.X) =k§

PS( Xz, Y, Zr(7)) ] (5)
N gp Cy

CRXY.2)= 21— = [,-=1

PS( X, Yr, Ze(1)) - CR( Xk Y& Z(7)) ]
(6)
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P ol Qt}. B AFA s A4 Al o
o]-&atx % AF C dojlz &AYstd
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Hold A28 S 4o 3R (DY B34
gt Y=g Aol g & AFAA
= A% 453 2 B4 435S Asted §
oz AR 42 fEs 1 A%E 4
A EnE s g A

A AN & HEZ VE FdE 7|2
2 & B ol Zaase] 4 Wy o 7}
A7t A& F Yot B =FollM AR W
SEEE oF 28 89 veu sin.

A tE R A25ld qF AEHoldE &
o Ad Fadt a4 2R A AZkE
Mo 85 Rxo|rh. AgPAt g &
£ Ags] dolvy] AdiME HA A"
Fote] AT dotsitt. o|FA F£HE A
£ ol&3td AR EE AT A4d #
b ARAANE Yolry| et HFYEHA
(goodness-offit test) & 3 Fo}. AP AA
J = x* AA (Chi-square test) ¥ K-S A H

=Y
1
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o
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Find nearest finishing
transitions in the time
transition queue

Update marking
(output places)

Find enabled transitiong

probability transition N Solve the competition|

conditional transition
ordinary transition @

pdate marking
input/output places!

f timed transition

Enroll timed
transition queusq

Update marking
(input places)
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(Kolmogorov-Smirnov test) 50| Q=6 1 &}A]
o yg&e WE Fxspy] vtk AT e
FEETO FRE oj2] AL Yok FolrEE
(Poisson distribution), 7FvlE¥ (gamma distri-
bution), WEMHEE (beta distribution), YUYEE
(uniform distribution), 7|8} (geometric dis-
tribution), ©]&-%-¥ (binomial distribution), &7+
H-¥ (normal distribution), 4*%-¥ (exponential
distribution) Fo] =8 B AP s A7t
o FERIEE AFEER WA

I 98 ARE FEEESHE A4 e 2y
A7le Bldle 24 9 (inverse trans-
form method) 3 7121 o] qlth

(1) ¥dzhy : &EU =34 (probability densi- -

ty function) 7} f(x)¢l ol FAH myGo=H
B A9 FEHs X & WA & 799
=, A FEEEE<(probability distribution
function) F(x)& ¢t 28¥ o] Fla)= ¢
FEEE 7HAA doh. WA Fetaakse gl
& GTE ol g8t T
(2) 7149 = gkl oA 7)&3t
717 AR AY Brlss HSole 714 st
o AeAY &2 FEHS 42 & of43ly
H4A 2ANE # e "FES ol&3d Jsst
o 2y el W w71 71EAQ] A
S U YRS £ U4E HAATIA B
S 2 W WA o] Evbs3itt.
A A(2)9] HHE A5 & o831 o
A(7)3} Zo] BE8IAFI
cflx) £l,a<zxz<b (7)
A2 i x=a+(b—a) rE x& A3}
EAI3 t A Z 5 3 B B, B A

gk},
CA4 & ol 83t] & T F, 1 =«
+(b—a)n

EEH|5 © 9OF 1, < o (o) O, 207t Y99
F2 AdEY. a8x] god A3
2 7 A ABE vy, 7B AAT
L

E A s e ojgsld SEHFE

i o &

HAAZI T kM AFSEEEE JIRE A4
el i3 WEgtS r=—FIn[1-F(x) ]9 2t
A7|A Fx)< b5 28794 24" $71En.
T GollA AF 8 vpe} Zo] ££& G5E A
AFlE Aol FARUE F83th d4E BAA
71e B E o 7HA7t d=d HAFE AEE
g R FAE o83l YFE WA=
WS o] &g, o] W2 ARl 4o we)
I AAHo] Eexler] dFEAY Aoz FYA
' (mid-square method), 2%<5AP4 (mid-prod-
uct method), AT, 7MIEaFAdY

(additive congruential generator) ¥ AgZ 1=

Q449 (linear congruential generator) 5] J&=

H olFellA dPEaFAEEel g Bol A
Ha e

ojg} 22 Algdold & olgsted] 1 A3
€ TR v 2o AA LRIE Ve
nE Mg B4 A ¥ 29 #on
o] R} 22 2 g 7R A F4ef AN
= F 39 vEd g

(B 2) dEZ YEE 7122 & AFH AEH A
=R

Tscn=0, m=1=1, @, a.,=1:1, g,=,=0.0001,

C//C=0.5, k;=k;=k;=k,=0

C T PS CT [|ws 35

1000 | 528.09 | 0.005 1.64 | 2000
5500 | 3244.13 | 0.108 222.33 | 2000

10000 6190.94 | 0.263 | 1058.67 | 4000

(B 3) 79 =4 a4 234
Tsen=0, ti=p,=1, @,.a,=1:1, &,=¢,=0.0001, »
Cl/C=O.5, k1=k2=k3=k4=0

C T PS CT
1000 522.77 0.005 1.59
5500 3238.09 0.106 212.20

10000 6250.25 0.264 1036.38
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