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ABSTRACT  In this paper, we represent an improved algorithm of performance evaluation for communication protocol,
It is an algorithm that analyzes Extended Timed Perti Net models including time which have been successfully used to
model and evaluate the performance of distributed system,

While Timed Petri Nets generally limted to free-choice and safe nets, our algorithm permits the construction of elegant
models of restricted concurrent processing. Furthermore, to reduce the state space size of Timed Reachablitity Graph, we
improve the algorithm by using Maximum Firing Rule and sets of simultaneously firing transitions,

Procedures for constructing of Timed Reachability Graphs and analyzing are presented, and we demonstrate the usefu-
Iness of this algorithm by applying it to the analysis of the communication protocol,
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II. Timed Perti Net2} Extended
Timed Petri Net
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I1-1. Timed Petri Net

Petri Netol] #-go 2 AJz+& =93 A
Ramchandani o] ¢}, 71+ 7z} &8 =] Al (transition)
of shvbe] A 7bE4Jql Zhrkglk 2] < 4] 7k (delay
time)& 2 g3l depialct o] =l
g £2l %) 4l o] A 3h(firing) & A4 Aoz Sl 3
+ul 423 A7+¢ ebd v, Ramamoorthy 2t
Ho®oll oJald Alxvl 345 & 43t
AR-g-E] o o},

ol g TPN-& ofefe} o] =ojghc)

rlo

A 7he

TPN=(P, T, 1, O, E, F, 1)

P = {pyeeee pn} A4 A

T  ={tyta) B A A A3}

I =T— P EaixAe iy

O =T-— Preaixde 2284

E = T— R EdlAA] H& A 375
(enabling) A]7}&r4-

F =T-— R Eg =[] g A3} A7k
g

#o = P—5 N Nete] %=7] marking

R, N Dokol Al oFe] A4

#(p) : marking 4Hef ol 4 ¢ place P9
token 29| 4~

# (p, I(1)):

E @l 2] At input bag ol %A 3}
¥ place P2o] +

TPNmwl e A 7+-S medslxl e2 Petri Net
o} wte] ch-g-Abel = slhvhe] A 3hA| A (start firing)
7} shbe] A 34E . (end firing) ol ) 5ho A A 5
2| ¢k, F Aol A = A shAl 2 A @) A sk F
2 Ag ol 23l shSoi Aot FolAl Aol A 7H5
g ohg A E 27 Y3 A o ek

S Abeol| 2] o] 4 wjA]gE-E Qo) 41 ]] #

Aaol 4] BZ o ol o A== HEHedt
EW | A o] F el s Frh wha g s 4] =
st eal x4 9 RFT(remaining firing time,
o A shA) 7)) Wl el e el 2] A 2| A 4] 7kl B gt
A} §tol o},

abek A 8} 75k Al o] glcksd ofwd A 5k} A &)
Fof A= Aolvy, 1 hg Al RE EAA
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R B A =

Z 743 4L RFT(Tmin)& Z+ Ed A9
H3tE g ol o) BAE, olwloll 2 A2 EA)
gk A 7k Tmin°]\'+ akel A 3}7h5 g o] gla
A7 A=l dA gowd 2 UEE 34U
el 2 ol Al "t

A3} 7b5 A7 A 2E zhe vhtadd e
vty a2z g as 4 9len, TRGE A%
oz Asg AT 4 QU

A28 A E4L YepdiE TRGE o334
7o) -4 ¥t

(1) Al=8e] A& el vkt

(2) 2 Azrhs B A A o] AstA o 75 A
ofl ol glofof sk A1 7H-E vEb & A 3hrh5 4]
7} (remaining enable time) | €

(3) 7+ "3} 2l o] H3tE Al ok 3he
A 7+e vebd £ A3 ZHREFT) @

olglgt TRGE A% &4& AshA AA(
decision) . xutd z &5l AA o=z T8
Aot AR xss) ohd RE X EEL A7 5
EPAA A AA e viste] A4kt o] R A
Blol e A oz 2 He o 45 FA
AL e 4 Q)@@ ®

9] X8 TPNE o] &3l A& FR 5 &
2 43t o= Ramamoorthy® 7} | &% decis-
ion-free netol] & &-3lod & & oz ¥4 353ch
2)v} decision-free neto] A &A-§ 213 3}7)
2l 8, Zuberek-2 decision-$ 3%, & free-choice
AL o1 shsharaleh® 7 ¢4 (conflict
place) ] & &£ ol 2 1 7 et

=

8] 1. =-2¢]- o] A Perti Net
Non-free-choice Perti Net,

2312, g £l &k st s Al A A Pt
=, 5 Esll A4 F shiute] enable AHef (mutual
disable) 7} 5 7] w0l =1 net+ conflict & £ & s}
A et

I -2. Extended Timed Petri Net.

o], Z1we TPNe mwl5 & Hohdhr] #3,
e Aol MekxAE Frigezsy TPNE
BAstgct a5 TPNS g3 o] Hod
o},

ETPN=(P, T, A, Mo, D, Pr, C)

p ={p;- pn} B2 A

T (e ta) EAA WY

A S{PXTYU{TxP} wa& 2t otz
A&

Mo  ={uy- un} Ml Eol) A 27] oha e

D ={d,~-- dm} A A al(deterministic)
A 3kA 7k} A ¥

Pr:{pr‘...

prm} 73 3 E 2 2} Al (conflict transit-
ion) ol &k & AY '
C ={c,; cm} 5T EAA

A A%

FEEE

9ol Eal A Al el 2E-& A4l 9 (free-choice)
A4 PollA o] Po &3 Ealz Aol of3ked Spre
=19 WAL 7pAje], 2 vte} Bl x| Aol o5k
pre=1c] A& gch AFzA(C)e EAAA 43t
o] g7dol o E3}e], B3 (boole) Alo® FHs|
& ARAY =23e et

9 ETPNe| =754 229 742 TPN
oy st Al FAE, oh-o Wo] vhErh
ETPNe Azt 7ba A 3-& FHshAz

* (RFT)¢] A&zt A2tz oleoll gh7hol aet

% 16‘ %D}_(S) «@
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13 L2 5 o] &3l Petri Net

5 +A4# Placee]  p7} F7}gtol we} 2
€ == (AH) 71 2ot A+ O(NP) = F7)
G0 wal, oele] @ Aejols EAo] st
o @l 2] A (simultaneously firing transition )

ol
2
|

|

aln

2
2
u
N

5 A 7§l Petri Net #4¢] Batg
AR zA Frreleg, Fhsle R E A} TAE
AAstA, kA ez o) A F2hE HAaA
/‘— OIE}'Q)

(A9 1] 2} 48 3 (Maximum Firing Rule
: MFR)

M, : Kl Abel " A 3H(marking set)
Ty M2 e Aatd Bl 43
I(t) tt e T, EsAA to} ¢19 place

B A% AU e T
1), NI NN (tg) = ¢ o] 7]

RFT( t,)=RFT(t,)=---=RFT(tn)
ol=d,
t, toe, e & EAlOl T (A3}
g c}.

(Aol 2] ST(S)E
EaA A A el s,
ST(S)o] & ¥#A3 AE Type-1(S)e} ghrt,

(1) Ao} dekst Eal =49 subsetf A&l
(firing) ¥ #3715 =z A3 go] A3l
ST(S)9] v+ x] A %t (remaining set)o] i,

(2) A9l =€ EdAAE AY T, 73 7h5
el x4 #ge] ST(S)e ozl A3, & ST
(S)-AZ Za+ghch,

(Ao 2] AdE F FH2 FEI

e Pertinent AHelf : S Abe]ol] 41 ST(S) of] % 3h5]
Al godd, 23 Eal A o] +7}55HA 5 o]
A= Abe]

e Intermediate AHel] : Al 28 E @) 2 o] 48
7bsshAl =2 o Al

o] 2] 3t intermediate Al &2 £ 24 el 2o
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AEdy daeF

ABC

ty / t )t

() At sl 52
a8 2 294 2z 54
Characteristic of Reachability Graph.

H . =4%7bs Aeel Ag
Reachability states for Fig.1

ETPNell 2] 34¢ 3838l 54 22E
Fo =y AL ook [H9 1], [He
2]ol o8 AR ol ol 27 29} e},

A agd29 (c)e A T s doiA
Aoz TRGE TA S Aef 3 7te] 2715 At
3| ALAlA Foh

[ -2. Timed Reachability Graph

ETPNe TRGE 27| Adol| A A =}péba ==
7158 o AHE F3te g4 utEoi Al

g A Fe YAl 2 2y st AR
TAE A&k dF AuE AAtste AA
Al F2HE FAse g veld ol
ol TRGE TAste #a® Y& AT Aol
ot

Holliday & Vernon®2] =8l 19] 2} 5 & o] &3}
of AMeotdl dn#EFE AP AHs) 313
e}, '

L=
2

Marking fired Next state
Swie 5T Tpg P3 transition RET probability :
0 1 0 1 (t1:0.0(t2:1)  [(1:0.6) (2:0.4)
1 1 0 1 12 (t1:0.0)(t2: 1) 0
2 0 1 1 tl (t3 :6.73) 3
3 1 0 1 t3 (t1:0.0(t2:1) 0

¥ 12 Holliday & Vernon®2] TABLE 13} $8& 2islelng Aoty dne|Ze 3 r«?lis}l:lv,

M-3. Z& 2= (Decision Graph)

o AollA] TA443% TRGAEH Actad nefjz:
FA 3 ol#irt oz gz g 7hakslElo]
A ol A de AA 2T E Y
Yot A 2l L G HolEol v w4 1)
Zoln] opg3} o] Hof X},

G=(V,D, T, Pr),

v AR AANE Ve E A2 Y

D w4 3Ade Afer AHr=s
Sield E275d AWLE SjE
el 7Hx o] el S mo} P o 2
EL
T D% 74e7 Aal B2y 4uAd
Alzve) @
Pr. 7 Adael 882 38 2 Ao
e 255} P
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X < — initial state ;X. state <— ready
While at least one ready state ;Y DO /% Y !a set of ready states %/
IF Y is duplicate of an idle state in Z then Y. state <— duplicate
else /% 7 a set of Y’s successor %/
find the set of enables, E, in Y
find the set of satisfying definition 1.
let the set of satisfying definition 1 be the MFR conflict set
partition the set of firable transition into firable conflict sets
let the set of selectors S be Cartesion Product of firable conflict sets
calculate probability of using each selector s in S
for each selector s in S do
find the transition(Ts) with the smallest RFT and satisfying constraints in E
IF there exists MFR conflict set then
find Type--I(m)
create new pertinent state Z from MFR by firing all Type--I(m) transitions
else
endif
create new state Z from Y by firing transition Ts
subtracting Tmin from each RFT in Y
remove tokens from input place of transitions in s
add tokens to the output. of transitions in s

Z becomes a successor of Y ;Z.state <— ready

enddo
Y. state <—idle
endif
enddo
1%l 3. TRG +4& A3 otaelF
Algorithm for Constructing TRG.

AR a2 2erbs 2z Fabel F8 © X255 ZAAxE 30 AALEZE Ao
& dg n)AE Arnt Rol Fol 3y 1 e BE T2 2 EE Ak, A E A
Zo|ch o HAEL vy ez 3E S

, (2) 2+ 72¥A 9] ie] #3u) g (traversal rate),

M-4. ETPNS| M5 24 gty R;& 3o},

g7y a2 Z2E FA45t] A8 o] &% F AR 2= AollA] vlo @ sl kA (out-
A FAATE RS 5 Uk E 4o 7 el going edge) o} 4=#v] & s F 7pAl o] Hr) 8 &
A& 54T 529 21 (resource) &2 714 8} (branching probability ), Pr, e} Eo] 2+ 7HA
ol 24y o] &g e AA A 7ol Hi BalEl =W (incoming edge)?] 80§ 2 JEl o] A},
A A8l A3t 7o) vl g2 doj et R=Pr, TR, jel(i)

28] o] &&EF A4Sy Y7 AAe &3
zc}, I() : zkal el NG SoleE AT AT

(1) A4 zef =& q9kEch

Tty 2 Zella Fo) o] Ak A S AHA] (3) 7+ ZHAdoll 8.5 A17ke] v B(FT) & 7
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i L/ #AE Timed Petri Net % ol 8% %4l

21 g io

A %

Ai O}J LI{’;‘

.

7} A SPeEd 229 A0 FE W,
o} shud, Wy=(R))(T)) 2 vhebd 4 ek 7 1Al
Rl 48417 v] ¢ FTe o 45} 2k

For all i,
FT, = W‘:l
ally’
T, : 7k 00 & 9 A7k

(4) z+1 o] &% (final result)$ Tareh
(3) ol Al AlALEY FT, & o] &3sbe], =15l o] &

%% vhesh 2ol A4k

final result=3, (FT,) (b,)

aln:

b : 7bAl Roll A 2elo] 488 4 7ke] vl %

transition

transition

AR Al zke] 72 F F A3 WA R A A
e FAl 22 e Ed WA vE 22 R &5 7hek
ek mele] A5 4 AL Ao o] mr)
< Razoukﬁ} Phelps®, o] 7199} of 2 5-¥] v 3§ &
2] 715 1837 Hal AR 548k o) iy
=} o] ¥ 4~ 52 Razouk @} Phelpse] w3 %) 3}

&5, SH& 7]‘4‘—1‘3‘1 m]?,l
EFY] o} &-(t;) & 6}}
fAZo gL Fcheln] why
Al &l M gh(ty) et
5 $4A7] Aol viEY 9] 7)5al B4
A) o] (flow control) ¢} = # | o] (congestion
control) & W#Mele) mela)g &) g
t, 3 teoll Al Zbzb sl e Subg Al
o A s 3 t, Al o) Fd
L5171 #1041 ehelob(t) ¢l delay timed
HELE o488 ol YA 2 WES 2
o =9t x=gke] AAH4e el x| gkt

JAe i

£o§.ilﬂ)ﬂil’d

- ©

t, : select a packet te :send ACK

t. : send a packet to : receive ACK

t, : timeout for retransmission t, : transfer ACK to sender

t, . accept a packet from sender tp : ACK loss

ts, ty3 : flow control in the network ty : accept ACK from receiver
te, tie ¢ congestion control in the network

t, : packet loss
ts : transfer a packet to receiver

a4 A 2zEF v

Model of Simple Protocol
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32 Netwl o] 7 Ead A A 52 48 A 7F, A 8}
&8, 22l AoRAeg dehdo] Fof FA)9
BAEAT (t, te), {ty, te>F ZFE} 282 2
EGRA S 84 7He Razouks} Phelps®e]
Zeloll ot 1001 msec®] €}Q)o}-%3} packet-g
xe]3}7] 913 135 msec 22| W EY 3l
T 7155 A& 79.7 msecE 7HA 5k ok

TRG+ Z714He (p!, pl4) 2 He] 4| zhg e

249 E2E o] 83 TRGTA dxelFol
oaf £3°] Ledrbs Ao AghS dod, 1
25 9F 7re] A4S 01 2ol 52t (behavior) 2
olg o} AEE& &  Urh

g o A5 242 TRGERE A3 1=
F TR A, agl5e] A nefz e
28l63 3, 7F 74 9] b kAl 9] 3 A] Zhol]
Nt Bl R A b, t/ te, tr Sty b/ tg, te2] A B
A7) vjgEo] o7,

= 54 A
A fle 4 Y3 s
@ 135 1 A 204 Ael 32029 Ho] 417

J3 5 A7k 23E =9 sbsdk e
Timed Reachability Graph.
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b,=13.5 / 1002+79.7 / 1002+13.5 / 1002=0.
1065

b,=13.5/120.2+79.7 / 120.2+13.5 / 120.2=
0.8876 & <+

24 awzere 7 4o Ad $yug
Ri& +3 4 2=t

R1:-O5(R1+R3+R4) R2:.95(R1+R3+R4)
R3:.05(R2) 'R4:-95(R2)
R9 ¢ 12 74444, R=19, R;=.95, R,

=18.05% 2=}

H2 Edxde £4
The Attribute of Transition,

transition delay probability constraint
1. 1 1 1
2 1 1 1
3 1001 1 P9
4 135 1 1
5 79.7 1 1
6 79.7 1 1
7 135 0.05 1
8 135 0.95 1
9 135 1 1
10 135 1 1
11 135 0.95 1
12 135 0.05 1
13 79.7 1 1
14 79.7 1 1
15 135 1 1

FA@B) M e BE DAY F FH4
(6330msec) ol thgk 7} 7,_}xd§ 43 A)7ke] w
(FT) € 734 of&3 2oh

1002 2283.8

FT,= 6330 =158 FTZZ"E,O%;O— =361
8317 _ .. _ 22057 _
FTQM—GSBO 132 FT, 6330 349

7 FT4 ol &8ho] A4 o] 882 Fobel cho
5t ot

final result=3" (FT))(by)=.3374
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L/ 84 Timed Petri Net S ol 8 %4 wggsel 4xy 24 oy’

5,97 vlE 228 F9| shtel s al g A48 RAAE A437) 98] 3 F6330(msec) & £ 88
ol AH8-5 = Aol g o] &8 0.3374¢) o} = 2 throughput- 2.85(packets / sec) o] o}
2o} 7o) 7hebsldr T2 EE mall 18,057 2

E3 290y 4us) 3
The set of reachable states

markin g fired RFT next state &
State P1 |P2 |P3 |P4 |P5 |P6 |P7 (P8 |PY {P10{P11[P12[P13{P14 transition probability
1 1 1 (t2:1) 2
2 1 1 1 t2 (£3:1001)( t4:135) 3
3 111 1 1 t (13:987.5)(t5:79.7) (t6:79.7) 4
4 2 1 1 t5/ /16 (t3:907.8)(17:135)(18:13.5) (5:0.05)(6:095)
5 1 1 t7 (t3:804.3) 7
6 111 1 t8 (£3:894.3)(19:135) 8
T 1 1 3 (t2:1) 1
8 1 1)1 t9 (t3:8808)(t15:135) 9
9 1 L1 1 t5 (£3:867.3) (113:79.7) (t14:797) 10
10 1 4 1 t13/ /14 (£3:787.6)(t11:135)(t12:135) (11:005)(12:0.95)
il I I te (t3:774.1) 13
12 1 1 11 (£10:135) 14
B |1 ! 3 (@ |
u 1 1 t10 («:1) ‘ 15
5 |1 1 tl (€2:1) 1

EoAvA = ed, ol g A
A AAE A5 4 ga
A A 5 ol ie]Ze ETPN

5 &3 gtas A 3zhe 2 -t— Timed Reach-
é.‘z ability Graph-g A 4 e}, g TRGS A4 A &}
0 ZAol melle] Aoty o & ”‘°1 L3 ALl o] e &
HAFE AN T8k Aok dane|Ee 84

< Hol7] st} A E TRGE o] &3lo] EA
ZREFT Azule] Y Eo) HE o] 88 5&

pul
o
r:L
o

N

N
A
>
N,
N

o

age A4y 2= "
A gho
* Decision Graph A sl

ool AFAE vk HAd T2 2o
agHel 2y s e} yay A3e
318 TRG2| 88240},

V.4 =
ETPNe 2 $8%5 54 Zag Fo 52338 s 2 £ T W
A B ek aglzE o] &8l 5]
b, malcfale] Bzl ol wje]sled AbefZ 7)ol 1. 1P, Courtiat, JM. Ayache, and B, Algayres, “Petri
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