1000-0825 /2001,/12(0430512-09 2001 Journal of Software % # % 1§ Val. 12, No. |

On Properties of Concurrent System Based on Petri Net
Langunage’

JIANG Chang-jun®2, LU Wei-ming

Y(Department of Computer Science and Engineering, Tongji University. Shanghai 200092, China);
2(&handong Institute of Scierce and Technology» Taian 271014, Chinal;

*(Institute of Mathematics, The Chinese Academy of Sciences. Bejjing 100080, China)

E-mail: cjjiang @online. sh. en; wmlu@marh20. math. ac. cn

http: //www. tongii. edu. co

Received September 18, 15995 accepted April 10, 2000

Abstract: In this paper, two language characterizations for weak liveness (frec deadlock) and liveness of
Petsi nets are giver. Some language properties of synchronous compused Petri nets are discussed. Based on Petri
net languages a necessary and sufficient condition is given for live Petri net (bounded), end then the liveness pre-
sevation in & synchronous composed net is studied and a necessary and sufficlent condition {s obtained. Those re-
sults give a formal language method for net liveness testing and liveness controlling.
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Petri net has heen widely used in concurren: system design, modeling. analyzing, and controlling since 1962,
in which C. A. Petti introduced this powerful mathematical tool for studying concurrency., Now more and more peo-
ple in the fields of computer science and rechnalagy and athers are inrerested in it

While a gystem is studied. 1t s the first step to model the system by Petri net, then to analyze the modeled
system using net theory in order to know some important system properties about structure, dynamical behaviors,
ete. Based on these properties it is possible to study system scheduling and contralling.

In system study, the liveness is basic and useful systern property, i. e. scienrists are interested in having a sys-
tern with no deadlock or even more . no dead event. Unfortunately, a marking system in live is still an open prob-
lam in net theary although in some special net classes it was solved. References. [1~-3] studied structure net, Ada
net etc. , and got a deadtock condition, i.e. a necessary condition lor liveness onlys Rel. T4] atudicd morked graph
{T-graph) and got a necessary znd sufficient condition for liveness. Ref. [5_ get a necessary and sufficient condi-

tion for live state mach:ne {S-graph), Ref. _6] extended the results of Refs. [4,5] and gave a necessary and suffi-
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cient condition for live free choice net, Refs. [7] got a necessary and sufficient condition for live weighted 7" graph.
Ref. [4~-7] were based on net structure and initial marking, and Ref, {8] was based on reachable marking graph
and got a necessary and sufficient condition for live bounded Peuri net,

Based on Peiri net language we give a necessary and sufficient condition for live Petri net (not strictly
hounded) here, and then study the liveness presevation in a synchronous comazosed net and get 2 necessary and suf-
ficlent condition. Those resuits give us a formal language method [ur uet liveurss L1esting and fiveness controlling,

which 13 hased on the same idea as in behavior semantics oriented system design methodalogy.

1 Basic Definitions and Terminofogy

S-tuple N—=(p,T3F) is a nel ill;
M PNF=@ APUTHZ;
() FE{PTHYU =Py,
(3) dom(F) Uecod( ) =P 7.
ForV x€ T, F—AyEPUT | ()L F}
and
> ={y€PUT (z.2)CF}
are preset and postset of r, respectively.
4-tuple PN=(P,T:;F,M;) is a Petri net iff;
(1) N=(P.T:;F) is a net;
(2) M. P-+»Z (set of non-negative integers} is marking of PN, where M, is an initial marking of FN;
(3> PN satisfies the {ollowing fire rules;
) YT, Y pE "ty M(p)221, tis enabeled under M (denoted as M[>2;
b) If 7 is enabeled under M, then ¢ can be fired. Lett be fired from M to M (denoted as M[t>>M' ), then ¥ p
&P
M(py+1 if pee- —-t,
M(pi=<M(p)—1 it pEt—1",
Mgy otherwiss,
Let Af, and M, {k>>0) be two markings of PN. If there exist 2 transition sequence 6=1¢¢,...#; and a marking
sequence M, ,M,,. .. .M,_, such that.
M_[t>M..i=1.2.... .4,
then o is & fire sequence of PN and M, is reachable from M, (denoted as Mo[o>>M,). The set of reachable markings

from M, is denoted as K(M,y).

2 Liveness Descriptions

Definition 171 Lot FN=(P,T:F,M,) be 2 Petri nei. PN is wesk live {free-deadlock) Hf ¥ ME RO, I ¢
e ML,
Definition 27, Let PN=(P,T;F.M,;) bc a Petri net, PN is live ff Y (€ TV MERIM) I M ERDMD . M
[,
Definition 3. lLet PN=(P,T;F.M,) be a Petri net, and G R(M,). Then
L{PNI={aCT" | M[o>}
and

LAPNI= o€ T | Mylo>M A MEGH
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are hehavior language and recognition language of PN, respectively.
For ¥ o€T " write &(o)={x|x is 4 lelter in o},
Definition 4. Let L7 " be a language. Then
L={eCT 13 /CET 0 d €L},
L={a€T" J €T a0 € Ald[#I},
L=(eT |A0E€T 0> ELARL)=T}.
are closed language. strict closed language and strong closed language, respectively.
Theorem 1. Let PN=(P,T;F,M,} be 2 Petri net. PN is weak live ill LIPNY=L(PN).
Proof. {=) PN is weak live, then ¥ ME R(M), F €T, such that M[:>>, then ¥ s € LIPN), M[o>
M, 3 1ETCST™, such that M| o> M=, that is 5 > :E L(PN). Thus o€ L{FN), hence L(PNYSLIPNY, Ou
the other hand, obviously, L{PN)CLIPN), Heuce L(FNY—L(PNY.
(YU LIPNY=L{PN), then ¥ &€ L{PN). I d &T" suchthar 5+ ¢ € L(PN), and |&'|£0, then ¥ ME
R Myl F €T, ¢ 1 the first leller in ¢, such that M o> M >, henee PN is weak live,
Theorem 2. Let PN = (P, T;¥,M,) be a Petri net, then PN 15 live iff L(PN) =L{PN).
Proof. (=) (contrary proof?. Suppose L(PN)5LI(PN), then 7 a€ L(PN), consider the following two
cases;
Case 1. f —3 /€T, such that a ° 6’ € L(PN), thus ¢ & L{PN). According to Theorem 1, 3 M€ K(M,),
such that for ¥ €7, we have 2 (M[2>>). Hence PN isn't live, conrradiction.
Case 2. ForV o' €T, o+ ¢' € L(PN), then &(o')#=T. Hence 3 ' & T —&(5'), such that J M€ RGM,),
¥ M € R(MY, we have My[o>>M A (M [ > . that is ¢ isn’t live. Hence PN isn’t live, contradiction.
From Cases | and 2, o€ LIPN), that is LIPNYSLPNY. On the odher hand, L{PN)ISLIPN). Hence L
(PN)=L{PN).
{<=) Since LIPNI}=L{PN), hence Yo€L{PN), I €T, suchthat o - ¢ € LIPN) A&ler=T1" For ¥ 1
ET.let o' =06 ot 2 d'y, thatis ¥V MERMIT M € R(M), such that M[o> M >3 2>, Henee PN is live,
Definition 6'*'. Let PN= (P, T;F.M,) be & Petri net and GER(M,). PN is non blocking for G iff L{PN)
=L (PND.
The canditicn that PN is nan-blocking for G means each trace of PN can be extended to a recognition state in
c.
Definition 7. Let FN=(P,T:F,M;) be a Petri ner and GER(M,).
(1) PN is strict non-blocking for & iff LIPN)=L;(PN).
(2) PN is strong non-blocking for & iff LIPN)=L(PN).
The condition that PNV is strict non blocking for & means cach irace of PN can be non-cmptily extended t¢ a
recognition state in G.
The condition that "N is strong non-blocking for G means each trace of PN can be extended tc a recognition
state in G and each i iIn T can occur in extended part.
As nen-blocking is an important coneept in the supervisory contral theary of discrete event dynamic systems
(DEDS) and liveness 1s an important concept in the net theory. The relationship between non-blocking and live-
ness is interesting.

Theorem 3. Let £V =(,1;F M) be a Petri net and GR(M, > be a set of PIN's recognition state.
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{1) PN is non-blocking for 5, then PN is closed * 4

(2} PN is strict non-blocking for 5, then PIV is week live;

{3) I'N is strung nen-blecking for &, then PN is live,

Praof. (1) Obvious,

(2) Easy to see

Le(PNYCLIPNYCL(PN)
Since PN is striet non-blocking» then
Lo(PNY=L(PN).

hence L(PN}—L(PN}Y, that is PN is weak live.

(3} Derived from (2).

Ry these theorems liveness of Petri nets can be tested easier than before.

Example I, ¥N. and PN, are two Petri nets in Fig, 1. «1:) b aF AFI
For PN,: CJ < 1 d LD)J
Pl ﬁ? PZ

{1} Since L(PN )=L(PN.,)={a"ch*}, hence PN, is weak live. ?y \3]
12 Get o=a” ¢ C (I’N) i ¢ €T such that o0 6 € L{EN,), Py PN
Fig. 1

thus L(PN;)#L(PKA). Hence PN, 1sn’t live.

(3} Get Gi=1{(1,01") T R{M:), then a=cb® € LIPN,), but a& Lo (PN,), then o0& Lo (PH.), thus L
(PNl);'EL(ﬁ‘). Hences PN\ is strict blocking for Gy.

Get &= {(0, 1T} CR(M, ), then L(_PNJZLUI_(P?\FQ =ia'ch” }, hence PN ig strict non-blacking for G';.

(43 Bince PN, isn't live by Theorem 3(2), we know for V¥ G,ZR (M), PN, is sirong blocking for G,.

For PN,

(17 Since LIPN)=LIFPN =1 ({a ek d)* )}, hence, PNy is Live. Ohvious,y, I'N; is also weak live.

(23 Get Gp= (1,00} R(M;; ), then PN, is strict blocking for &3, and it is also strong blocking for {7,

If ge1 &', =& (M}, then PN, is strict non-blocking and strong non-blocking for /5.

In facts we have e following consequence ;
Corollary |. Let PN = (P, 1;F, M) be a Petr1 net and GER(M,>. If PN is strong non-blocking for (7, then

PN is strict non-blocking for .
Prouf. Sinee PN is strong non-blocking for G. Henge, L(PN)=/L:{FN). On the other hand, L.{(PN)<

f,,;-(—f;!\f);L (PN, hence LIPNY=L¢ (PN}, thus PN is sirict non-blocking for G.

Stremy, uon - blocking — Bict non-blucking —- Non-blocking

¥ e SN
Liveress 3 Weak liveness ———F (Closed
4

Fig. 2 Relation graph of liveness and non- blocking
Now, rhe {ollowing relation graph is obvious.
3 Liveness Control

In Ref. [10]. system scheduling, control and synchrenous cumpesition were discussed. In this section there

are some formal discussions.

s PN is closed iff LIPN)=T{FN}.
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Definition 8. Let PN:=(P,,T:;F,.My), i=1,2, be two Petri nets. If PN = (P, T,F,M,) is a Petri net and
Ly PNP,= . PP P,
DY TNT#F=3 =T Uty
(3) F=F,UF,;
M (p), if pEP

(4) My (p)— )
M.(p), ifpc P,

Then PN ie a synchronous composition net of PN, and PN;, denoted as PN=PN,(IPN,.
Here O is an operator for system camposition. In Ref. (117 there are more operators.
Definition 9. Let T'S7T, € T", and Iy.r (6] be the string obtained by deleting the letters in T—7" from

. Then it is a projection from T* to T°

Example 2. PN, and PN;are two Petri nets in Fig. 3. Petri net PN=PN,OPN;is & synchronous composition

net of PV, and N,
o\ ST
[‘/C) atl ¢ ng
=SV B - o f’? LQ

\(_)K \f\

PN, PN2 PN
Fig 3
Obviously, L(EN, =={{ad)" )}, LIPN;}={(blc+d))" , then
LIPNY=1alsd({c+d) a))" .
U o=ubachdabd & L(PN), then
F;-.-yl ()=ahabab & T{PN,}. Iy :a'z(a) —beldbd € L(PN, ).
Theorem 4. Let PN, =(P,. 7K, , M), i=1,2, be Petri rets. Lot (S R(M.) be sets of recognition states of
PN, i=1,2, PN=PNOFN;, and
G={{M MDY IMEG A 1,20,
then
QY LIPN)=T5 L (LAPN ) T (L (PN )
(2) L(,(PN)=I"I]L7-(LG1(PNQ) ﬂF?z‘ .-,-(LCZ(I‘NZ)).
FProof. (1) For convenience, suppose the empiy letter e§ 7, and
(D M e>MSM=M,
Y €Tt = =1
oS L(PNY ¥ 3 M. M;,.. M, ERIM,), such thar
M (sl > M [F2)>M,. . M, [a(E)>> M,
where
g=o(1) - g{2) « ... » vl
Let M= (M5, ML 2i=0,1,2,. . ok, iff
[0y My 2 ( (Crod 107,070 T A{ (MT LW MG T~ T, M T+ (O e GH1) 7,071 T v
[ M 2 0T T AT, T AL LMY ML) = (MY MET+ (O 1D37,07) ) Y
[{ (M5 ML) 220 (O] aGH107,(C; ei+H10T)T) A
(M M DT =ML MDY+ ( (O a1 Oy ot — 1T T ]

where C,=C} —C7 is the incdence matrix of PN, o/ + 17 indicates [T,| — vectars (0 Q... L... )", i=1,
by 5=1.2,
itf
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[Mu[a GO M 0 DA My~ Mo ) A e GFD —aGHIDA (e G+ —e]V
LMlo G+ Moy ) A (Ma=Mi11 ) Al G+ D=0GH1IDA 6 i+ D=V
[(Mala GHD>M ) A (Mol GFD>Mon D A (6 G+ D=0+ 1=l +12)

iff
(Mo Mo OOA (ML, M D A (o (1) = 5,02) <L o, (B)=a A (j=1,2)
iff
(o, T{PN,I)A (0’,‘:11'1'47‘}.(0')) Aij=1,2)
iff
(e I Ly (LIPN, D) A (G=1,2)
iff o F'FIL-,- (LCPNDIT FFZLT (LIPN:)).

Hence (1) L(PN) =FF11_,7- LPNDIN PE;_..T(L(PIV;)).
(2) is true in the same way.

Corollary 2. Let Petri nets be PN, ,PN;, PN and sets of recognition stares be G| ,5,,(, respectively, f T, =
T,. then

(1) L{PN)=L{PN > L(PN;),

(2) Le(PN)=Lg (PN Le,(PN,).

The lollowing properties are useful.

Propercty 1. LIFN,OFPN;)=L(FN,OFN;).

Proof. Follow the interchangeable set operations,
Property 2. L{PNG(PN.OPN3)=L(PN,GPN,).
Proof.

LUPNONOPN)Y = It lar yer urp (L PN YOI r, o, yor, uryy (L PNIOP N Y)
=0t un, (PN Tz o yr, (LIP N, D)= L(PN,OPN,).

Property 3. L(PN,O(PN,OPN;))=LU(PN,OPN:;YOPN,).
Droof.

LPN\OENOPN ) — Iy er e, ur p CLCP N ) nP'I‘JIUT‘Z—-'I‘IU(TZUTE) (LIPN,OPN;))
=0ty ynur, (COPN D B e uryur, CLOPN D) N DR unyur, (L(PN D
=Tl r eer ur i, (LCPNOPN D) NI ruryy o, (LGP N3Y)
=L{PN,OPN,JOPN .

Property 4. L(PN.OPN)=LIPNDO NI r (LIPNDY, i T.CT
Proof.
LPN\OPN =Dy ter yr, (LEPN O Dr for ur, (L IP NG D)
=Dl (LPNDIN TG L (L(PNL)) (Since T,&T))
=L(PN)NI7Le (LIPN,)),
Properly 5. If 4 LCL(PN)) :F‘;]ﬁ-pz (I)Y=IL(PN;}, then
LIPND N5 ey (LCPN D =L,
Proof. (1)
LTLPN) Ay or, (LY=L(PN,)
= LCIL(PNDON F—,Tvzl-.?‘j (L(PNJ).
(2) ¥ o€ L(PN)) nP-j-zl_.y-‘ (L(PN)Y. I o& L anc LEL(PND ALQP’F‘;»I'] (L{PN;)), then
& LIPN) Ao 1‘1-_'21--'1'1 (LOPN:D),

EIFFEET  http:/ www. jos. org. cn




918 Journal of Software HAFIR  2001,12¢4)

thus
c& LIPN AT oo (LIPN)),
cont cadiction, hence o€ L. Thet is I,(f’N.)ﬂF'F;*-;-l(L(PNz)):[,‘
From (1} and (%), the consequence is true.
In fact, the properties 1~-5 are also true for language Lo (PN). Now we are interested in gerting the condi-
tions for preserving liveness in system composition.
Definition 10. Let L; be a language T,.i— 1,2.

(1) L, ard L, are non-conflict iff

F?,'——-’J'itl'rz (L) N F'J";-r'lw'g{L: }F;lla'rzun ) L F'lear)u rz(Lz)-

(2) L,and L, are strict non-contlict iff

=4 —- ~ B =
F‘;-LL-;-]JTE on Fyjoriur, (L) FT]LTZUTZ (L) ﬂl“r; -1 UT, (L)
(3) L,and L, arc strict non conflicr iff

Flzll-"'-"lu‘{'g (El) ﬂ F'f_';--'{‘_ U?‘z (E ) 2 T'.T]l-.zzu‘z'z (Lz) ﬂ P?_'; =T, lﬂ2 (sz

Nen-conflict is an important concept in supervisory control theory of DEDSU®. Here we generalize this con-
¢ept to the coacepts of strict non-conflict and strong nop-conflict.

Thevrem 5. Let Petri net PNy= (PTG F M), i=1.2, be all live, If PN—PN,OPN;, then

(1) PN is live iff LCPN.) and L(PN,) are strong non-conflict;

(2) PN is weak live ff L{[’N,) and L(FN;) are strict non-conflict

Froaf. (1) PN is live iff L.PNI—=L{PN1(hy Thearem 2) iff
T3ty i, PN O O\ b, s, (LP N D) =T L g (LN DT ';2L,-]U-,‘_“(1,(PN2)thy Thearem 4)

iff .

Lo g ur, CCOPNT N Dy, ECPNS T =T e (LPN DN 7y ur, (L(PN2) by Theorem 2)
il LCPNDY and L(PN,) are strong non-conilict.

(2} Derived from {1).

Tt is time to demonstrate the system liveness contral.

Example 3. A Petxi net is shown in Fig. 4.

/"'®‘\ LAPNY={{a(be(daet ead))  bede | Blaclehd | dbedd" aced ){an 8031,

(j:]/'):,[[’]/ ;,?\'\;_D obviausly, L(PN)=L{PN). hence PN isn’t live. Thus we do control on PN,
Q O

,i b The principle ol the control is <hat the behaviors of the prime system are pre-
) P . T B
‘\\\‘: Y served nnder dissolving deadlock.
c Control paliecy 1, The con:ro! §, is shown in Fig. 5. The closed system
Figd PN

PNOS) is also shown in Fig. 5.

o ~rf
5 <
FNCS
Fig. 5

Obviously, L(8,3={(al) "}, hence the languagc of closcd sysiem is as follows

L{PNOS1):F'r_‘l],ﬂ-»l‘f,‘.‘,u'.l‘sl (L(P.N)) ”I?.I1_.'1'J,,N1J',f'5‘ (L(S;))

-
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(LLS, (Since T's) " Trx» by Property 4)

Fdd

=LPNYVI7) r
1

={{a(bc(daet+ead)) "bcideted) )"} (by Property 3)
Since L(PNOS1) = L(PNOS.), henee PNOS, is live.

erlee,

2 5 /'/’ s \\-\‘-.
d:F'B /D} ] a;P &@ Ee
S QAR

I 4/
s, .
NS,
Fig. ¢
Control policy 2. The control 5, is showa in Fig. 6. Its closed system PN, is also shown in Fig. 6.

Obviously: L{5;)={({a |l #)c)* s hence the language of closed system PN(5,is as follows:
L(PNOS;)=L{PN)NTI7,} (L(8;))={((abc —bac) ({dbe +edblac+ (ead T daetbe) " (deted)) ™ ',
2

Ty
Sinee L(PNOS2)=L(PFE)SZ) . hcnccmis atso live.
Tt is easy Lo see;
{(albc(daetead)) br(deted))” } T (labe+bac) ((dbe+ ebd dac— (ead +daedbec) ™ (deted))" ),
hence LIPNOS )T L{PNOS;),

In some sense the control peliey 2 is better than the contrel policy 1.

4 Conclusion

The testing method of the liveness of Petri nets is studied based on language in this paper. The relations of
some important properties between Petri net and DEDS are pointed out. The deadlock of system is dissolved by

synchronous composition.
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