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Petri net based Representation for Embedded Systems (PRES+) is an outstanding methodology for analysis, modeling and verification of embedded systems.
State space explosion is an awful problem for PRES+ to model and analyze large complex embedded systems. In order to solve this problem, we concern
with a method for expending PRES+ model by using synthesis approach. A kind of sharing synthesis operation for PRES+ is proposed in this paper. Under
some conditions liveness and boundedness will be preserved by using this sharing synthesis approach. An applicable example in the form of an embedded
control system illustrates the useful of our synthesis method. These results can be nicely used to investigate dynamic properties of large embedded systems.
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1. INTRODUCTION

Embedded systems have lots of applications, such as automotive
controllers, cellular phones, network switches, consumer elec-
tronics, and household appliances, in our everyday life. Petri
net based Representation for Embedded Systems (PRES+) is an
extension to the classical Petri net model. It captures timing
information, allows tokens to carry information explicitly, and
supports a precise representation of embedded systems [1, 2].
PRES+ is an important methodology for modeling, verification,
analysis and control of embedded systems [1-9].

State space explosion problem of PRES+ is somewhat awful
to model and analyze large complex embedded systems. In or-
der to solve state space explosion problem of Petri nets, many
researchers have attempted transformation approaches in sev-
eral ways [21]. It is important that a transformation should
preserve some properties under investigation. There are three
popular transformations, namely synthesis, refinement and re-
duction [10].
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Petri net based synthesis is an important method to system
design which can compose a system from several component
modules in such a way that the system can be effectively analyzed
for design correctness.

In the following a brief overview of synthesis methods for
Petri nets is provided. Synthesis methods can be classified into
following groups: bottom-up techniques, top-down techniques,
hybrid approach, and knitting technique [11]. To present a mod-
eling framework for semi-automated hyperflexible robotic cells
in the aircraft industry, Basile [ 12] proposed a synthesis approach
of a Colored Modified Hybrid Petri Nets (CMHPN) model. Hu
[13] focused on the synthesis of distributed liveness-enforcing
supervisors of AMSs allowing both flexible process routes and
multiple resource acquisition operations. Finkbeiner [14] intro-
duced Petri games, defined as place/transition Petri nets, where
the finite set of places is portioned into a set of system places
and a set of environment places. The concurrency-preserved
parallel composition of two nets is obtained by taking compo-
nent union [14]. Zhou [15] proposed a hybrid synthesis method
for manufacturing systems using sequential and parallel mutual
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exclusions. Xia [16] proposed a shared pb-type subnet synthe-
sis method for place/transition Petri nets that ensure the preser-
vations of liveness and boundedness. Best [17] characterized
the reachability graph of a (weakly live, connected) Petri net
marked graph and described procedures to synthesize a (mini-
mal) marked graph solving a labelled transition system enjoying
the characterizing properties. For simple sequential processes
with resources systems, Liu [18] presented some algorithms to
synthesize recovery subnets and monitors. Hu [19] proposed a
synthesis method for logic Petri nets. Basile [20] proposed an ef-
fective approach for the synthesis of compact and decentralized
supervisors for PN systems. For systems specified in P/T nets,
Xia [21,22] proposed a shared pp-type subnet synthesis method
and investigated property preservations of this method. Live-
ness, boundedness, reversibility and some structural properties
are preserved under some additional conditions.

In order to solve the state space explosion problem for PRES+,
we presented a technique for the stepwise refinement for PRES+
model [7]. This refinement method can be used as a top-down
approach for growing a PRES+ model of a system from an ab-
stract level to a desired level of detail. During this refinement
process, we prescribed reachability, functionality, timing, live-
ness and boundedness. Another property preservation refine-
ment approach for PRES+ was proposed in [8]. To improve the
verification efficiency of PRES+, we proposed reduction rules
for PRES+ [9]. Under some conditions, these reduction rules
preserve reachability, functionality, and timing of PRES+. In
this paper, we will investigate another transformation—synthesis
to solve the state space explosion problem. Firstly, we propose
a sharing synthesis operation for PRES+. Then, we study live-
ness and boundedness preservations of the sharing synthesized
PRES+ net system. Lastly, we demonstrate the effectiveness
of our synthesis approach in the design process for embedded
systems.

The rest of this paper is organized as follows. Some basic
definitions of PRES+ are proposed in Section 2. The sharing
synthesis operation of PRES+ is presented in Section 3. Preser-
vations of liveness and boundedness are investigated in Section
4. An applicable modeling example of this synthesis method is
presented in Section 5. Conclusions are given in Section 6.

2. BASIC DEFINITIONS OF PRES+

In this section we will provide some fundamentals for Petri net
based Representation for Embedded Systems (PRES+). A more
detailed and rigorous discussion on PRES+ can be found in [1,
2].

Definition 2.1/ A PRES+ model is a five-tuple N =
(P, T,1,0,My) where, P = {p1, p2, ..., pm} 1s a finite non-
empty set of places; T = {t1, t2, ..., t,} is a finite non-empty set
of transitions; / € P x T is a finite non-empty set of input arcs
which define the flow relation between places and transitions;
O C T x P is afinite non-empty set of output arcs which define
the flow relation between transitions and places; My is the initial
marking of the net.

Definition 2.2[!! A token is a park k =< v, 7 > where v is the
token value. The type of this value is referred to as token type;
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r is the token time, a non-negative real number representing the
time stamp of the token.

Definition 2.3[! The pre-set * = {p € P|(p,t) € I} of a
transition ¢ € T is the set of input places of #. Similarly, the
post-set t* = {p € P|(t, p) € O} of a transition r € T is the
set of output places of 7. The pre-set ®*p and the post-set p®
of a place p € P are givenby °p = {t € T|(¢t, p) € O} and
p® ={t € T|(p,t) € I} respectively.

Definition 2.4!!l For every transition 1 € T there exists a
transition function f associated to t, that is, for all t € T
there exists f : t(p1) X T(p2) X ... X ©(pg) — 7(q), where
*t ={p1, p2, ..., pal q € 1°.

Definition 2.5!!! For every transition ¢ € T there exists a min-
imum transition delay d~ and a maximum transition delay d,
which are non-negative real numbers such thatd~ < d ™ and rep-
resent, respectively, the lower and upper limits for the execution
time of the function associated to the transition.

Definition 2.6!!! The firing of an enabled transition ¢ € T, for
a binding b = (k1, k2, ..., k,) changes a marking M into a new
marking M’. As a result of firing the transition ¢, the following
occurs:

(i) Tokens from its pre-set °¢ are removed, that is, M’ (p;) =
M(pi) — {k;} forall p; €°* t;

(i) One new token k =< v, r > is added to each place of its
post-set7®, thatis, M’ (p) = M(p)+{k} forall p € t®. The
token value of k is calculated by evaluating the transition
function f with token values of tokens in the binding bas
arguments, that isv = f (v, v2, ..., v,). The token time of
k is the instant at which the transition ¢ fires, thatis, r = ¢¢*
where t1* € [tt—, ttT].

(iii)) The marking of places different from input and output
places of ¢ remain unchanged, that is, M’ (p) = M (p) for
all p € P\*r\r°.

3. SHARING
FOR PRES+

SYNTHESIS OPERATION

In this section, we will propose the sharing synthesis op-
eration for PRES+. In the following, suppose N; =
(P, Ty, 11, Oy, M) and Ny = (P, Ta, I, Oy, M>g) are two
PRES+ models.

Definition 3.1 For transition #;; €® pj; of N; (where p;; €
P, 1 < i < k) there exists transition function fi;
T(p1i1) X T(p1i2) X -+ X T(plis) = T(p1i) (Where *(*py;) =
{p1i1, p1i2, - - -, Plis}). For transition t5; €°® pj; of Na (where,
pi € P, 1 < i < k) there exists transition function
Sai © T(p2i1) X T(p2iz) X -+ X ©(p2is) —> T(p2:i) (Where
*(*p2i) = A{p2it, p2i2, - - -s p2ie})- fri = (1 <0 < k).
Definition 3.2 For transition 71; €® pj; of N1 (where p1; € Py,
1 <i < k) there exists transition delay [d,,, d;l.]. For transition
ti €° pai of No (where py; € P>, 1 < i < k) there exists
transition delay [d,;, d;i]. Where d|;, df;, dy;, d; € R* such
thatd; < dlf. andd,;, < d;; (where R is the set of non-negative
real numbers). [d[;, d};] = [dy;, d5;] (1 <i < k).
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Definition 3.3 For transition 71; €°® pj; of N| (where py; € Py,
1 < i < k) there exists transition enable time ef{;. ety; is
obtained by the maximum token time of the tokens in °¢#y;, i.e.
et;; = max(t(p1;1), T(p1i2), ..., T(p1ir)) (where *(*py;) =
{p1i1, p1i2, - - -, p1ir}, 1 <i < k). For transition f; €° py; of
Ny (where py; € Py, 1 < i < k) there exists transition enable
time efp;. ety = max(r(pzil), 'L'(pg,'z), e ‘L'(pz,'s)) (where
*(*p2i) = {p2i1, P2i2s s P2is}, | S0 < k). ety =etp; (1 <
i <k).

Definition 3.4 For transition 7; €°® py; (where p;; € P, 1 <
i < k)thereexist earliest trigger time dy;. = ety; +d;; and latest
trigger time dy;1 = et; + dlf.. diie and dy;; are the lower and
upper time limits for the firing of #1;. There exist earliest trigger
time dp;e = ety; + d,; and latest trigger time d;; = et + d;
for tp; €® pai (Where py; € P>, 1 <i <k). dyj. and dy;; are the
lower and upper time limits for the firing of #;. d1;. = d2;, and
diig = dit (1 <1 < k).

Definition 3.5 Suppose N; and N, are two PRES+ models,
where PPN P, = P, # &, and 1 NTH, = &. N =
(P, T, I, O, Mp) is said to be a sharing synthesis PRES+ model
of Ny and N, if the following conditions are satisfied,

Q)P =P UP; )T =T UT, (iil) I = 11 U Ip; (iv)
0O =0;UO0Oy;

V) Vp € Py, Mop) = Mxy(lp), My =
Mio(p), pe P |
My (p), pe P’

(vi) Place p1; € P; of Ny and pp; € P> of Ny (where 1 <i <
k) have the same type (i.e. the same number of tokens, token
time and token type).

(vii) Place pj; € P; of Ny and py; € P> of Ny (where 1 <
i < k) are merged as place p,; € P, (1 <i <k)of N, ie.

place set {p11, p12, ..., p1k} of Ny and {p21, p22, ..., pak} are
merged as one place set {pm1, pm2, - - - Pmk}-
4. LIVENESS AND BOUNDEDNESS

PRESERVATIONS OF SHARING SYN-
THESIS NET SYSTEM OF PRES+

In this section we will investigate liveness and boundedness
preservations of this sharing synthesis approach for PRES+.

We recall concepts from PRES+ theory [1, 7]. Suppose N =
(P, T, 1,0, Mp) is a PRES+ model. For each transition 1 €
T, there exists d : T — Rt x (RT U {00}), where d(t) =
(d=(t),dT(t))and d~(t) <d™(¢). d is the interval function of
N. d~(t) and d () are the earliest firing time of 7 and the latest
firing time of 7, respectively.

A state of PRES+ may be represented as S = (M, J), where
M is a reachable marking of R(Mp), and J : T — RT U {#)}
(where # is a symbol which describes unusable status). Sp =
(Mg, Jo) is the initial state of the PRES+ N, where

0 Mo(p) = W(p,t) Vpe*t
# otherwise

Jo(t) = I

Z = (Z, Sp) is the PRES+net system of N
where Z = (P, T, I, O) is the skeleton of N.
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Transition 7 is ready to fire at state S, denoted by S —t>, iff
W(p,t) < M and d(f) > d—(f). State S’ = (M’', J’) is got
from S = (M, J) by firing 7, denoted by S L s iff 7 is ready
tofireat S, M' = M — W(p;, 1)+ W(i, pj) (where p; €* f and
pj € *). S' = (M',J') is got from S = (M, J) by the time
elapsing T € R, denoted by S —> §', iff M’ = M,

Vi(t e T Ad(t) ## — d(1) + 1 <dt (1)),

and

# W(p,t) > M

S = (M,J), is reachable in > iff there exist

Sl,Si,Sz,Sé,...,Sn,S,’,,andtimestieRS’,i:l,Z,...,n+

1 and it holds Sg— S1 > 8| 3 8,3 ...8)... 3 5,55 —
7]

T )
oy S, denoted by Soa—f S,whereo =t1tr.. . t,, 1T =11 +10+

-+ -+ Ty41. Set Ry of all reachable states in > is the state space
of >..

Definition 4.17! Let > = (Z, So) be a PRES+ net system and
S a reachable state.

(1) A transition ¢ is live at state S iff VS'(S’ € Ry(S) —
387(S" € Ry(S') A S ).

(ii) A PRES+ net system >_ is live iff all transitions are live in
S.

Definition 4.217] Let 3" = (Z, Sj) be a PRES+ net system and
So an initial state.

(i) A place p € P is called bounded iff there exists a natural
number K > 0 with M(p) < K foreach § € Ry (Sp).

(ii) PRES+ net system Y, is bounded iff all places are bounded.

Definition 4.3 Suppose > = (Z, Sp) is a PRES+ net system
and P = PLU P, PiN P, = ®. (p,, ps) is said to be a place
ordered pair of D, on P if the following conditions are satisfied,

(1) pr, ps € P1 (Where r # s),
(ii) if AM; € R(My) such that My(p,) = 0 and M{(ps) > 0,
then forall 0 € (T — p?)*, Mi[o > M>] and M(ps) = 0.

Definition 4.4 Suppose (p;, ps) is a place ordered pair of >,
on P, and (py, py) is a place ordered pair of 22 on P,. Then
(pr, ps) 1s said to be an inter-reciprocal place ordered pair of

> and >, on Py,.

Definition 4.5 Suppose >_ is the sharing synthesis PRES+ net
system of >, and D ,. Then (p,, ps) (Where p,, p; € Py) is
said to be a sharing place pair iff

(1)VS € Ry(So) (where S = (M, J)), M(p,) > Oand M (py) >
0

(ii) I S 5§y (where ' € Ty N P?), then Vo € (T — T; N p)*,
$1 5 Sy, and Vi € T N p?, =S5 .

In the following, we propose some conditions for the liveness
preservation and boundedness preservation of PRES+ synthesis
net system.
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Theorem 4.1 Suppose >, and >, are two live and bounded
PRES+ net systems, Y is the sharing synthesis PRES+ net sys-
tem of >, and >",. Then > is bounded.

Proof. Since >, and >, are live and bounded, then in >,
there exists an integer k1 > 0, Vp; € P1, VS11 € Ry (S10)
(where S11 = (M1, J11)), such that My1(p1) < ki3 in D5,
there exists an integer ko > 0, Vpa € P2, VS21 € Ry (520), such
that M2 (p2) < k.

Since >’ is the sharing synthesis PRES+ net system of >,
and »°,, by Definition 3.5,in >, Vp € P, then p € P, or p €
Pi—Pyorpe Ppb—Py. If pe P,,VS € Ry(Sp) (Where S =
(M, 1), So = (Mo, Jo)), M(p) < maxy erm) Mi1(p) +
MaX g, eR(Mag) M21(p) < k1 + k.

If p € P — Py, then VS € Ry(So), M(p) <
Maxp,, eR(Mig) T 2 e p,, MAXMy, eR(Ma) (M21(P) < ki +1ka
(where [ is the number of places of P,). If p € P, — Py,
VS € Rn(So), M(p) < ko + lk1. Letk = (1 +0)(ki + k2),
thenVp € P, VS € Ry(So), M(p) < k, by Definition 4.2, >
is bounded.

Theorem 4.2 Suppose > ; and ), are two live and bounded
PRES+ net systems, Y is the sharing synthesis PRES+ net sys-
tem of >, and > ,. If for all p,, ps € Py, (p,, ps) is not an
inter-reciprocal place pair of ", and D>, on Py, then > is live.

Proof. Suppose > = (Z, Sp) is not live, by Definition 3.1-
3.5 and Definition 4.1, then 3S; € Ry(So) and ¢’ € T, for all

S € Ry(Sy), =S 5 Ttis easy to see thatt’ € {t|t € p®,Vp €
P,,}. Without loss of generality, suppose t' € 7. Since >, is
bounded, 352 € Rn(S1), pr € Pu, t’ € p$ such that Ma(p,) =
0 (where S, = (M3, J2))andVp €°® ¢’ N Py, M>(p) > 1. Since
>, is live and bounded, and », has obtained the resources of
pr. itV € T N {tlt € p*, Vp € Pu, p # pr}, Fo1 € (T2)*
such that S, 2 §’ —[>, then3r. €* p,NT», and Jor € (7>)* such

t ,
that ' 2 §” 5. This contradicts with the fact that =S = for

all S € Ry(S1). Then Ap, € p,, (wWhere p, # ps), forall o €

(T»)*,t" € To N pp such that $» 5 S L, Since Vpe®t'Np,,
M3 (p) > 1 and M3(ps) = 0. This means that the resources of
prareused by >, and not given back to py, and the resources of
ps are used by >, and not given back to p,. By Definition 4.4,
(pr, ps) is an inter-reciprocal place ordered pair of »; and >,
on P,. This contradicts with the fact that for all p,, ps € Py,
(pr, ps) is not an inter-reciprocal place pair of >, and >, on
Py,. So > is live.

Corollary 4.1 Suppose >, and ), are two live and bounded
PRES+ net systems, Y is the sharing synthesis PRES+ net sys-
temof D", and > ,. If >, and >, have the same place ordered
pair on Py, or >, and >, don’t have a place ordered pair on
Py, then > is live and bounded.

Theorem 4.3 Suppose >, and >, are two live and bounded
PRES+ net systems, Y is the sharing synthesis PRES+ net sys-
temof >, and > ,. Then > isliveiff Vr € {r € p°®, Vp € Py},
tis live.

Proof. (=) Since Vr € {t|t € p®, Vp € Py}, t is live, by
Definition 3.1-3.5 and Definition 4.1, VS € Ry (Sp), 3S1 €

Ry (S) such that S; . Without loss of generality, suppose
Vit € T1 — {t|lt € p*, Vp € P,y N Ty. Since >, and >, are
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two live and bounded, and in >_, Vr € {t|t € p®, Vp € Py}, ¢
is live, by Definition 3.5, ¥S; € Ry(So), 3oy € T*, §; 3 5.
Suppose Si2 is the projection of S on >, then 3o, € T} such

that S12 3 S5 5. So 3 is live.

(<) Since Y islive, itis obviousthatVz € {t|r € p°®, Vp € Py},
tis live.

Theorem 4.4 Suppose >, and >, are two live and bounded
PRES+ net systems, »_ is the sharing synthesis PRES+ net sys-
tem of >, and > ,. Let (p;, ps) be an inter-reciprocal place
pairof >°, and >, on P,,. If (p,, ps) and (ps, p,) are sharing
place pairs of >, and >,, then > is live and bounded.

Proof. For every inter-reciprocal PRES+ place pair (p,, ps) of
>and >, on Py, ift' € pt NTy, " € pfNT, then t’
and ¢ don’t fire for all S € Ry (Sp). Since > is the sharing
synthesis net system of >, and > 5, and >, and >, are live,

by Definition 4.1, if ¢/ € p® N T1, VS € Ry(So). Si — Sa,
then V¢ € p? N Ty, 353 € Ry (Sp) such that S3 —t>, that means
t'islive. If 1 € p® N Ty, S| S, forall S; € Ry (Sp), then

Vi € ptNT,3S3 € Ry(So) such that S3->, that means ¢/
is live. Since p,, ps € Pp, (pr, ps) is not an inter-reciprocal
place pair of )", and ), on P, by Corollary 4.1, 7 is live for
vVt € {t|t € p®, Vp € P,}. By the proofs of Theorem 4.1-4.3,
> is live and bounded.

S.  APPLICATIONS

The design process for embedded systems starts with a system
specification. This specification gives the functionality without
implementation details. The designer needs to come up with
functional aspects of the specification. Sound low level models
of computation are very important in the design process. The
designer must synthesize these models. This stage is known as
synthesis operation. The system total model is obtained after
synthesis operations.

The designer should construct the prototype of the embedded
system. When the prototype has been produced, it needs to be
thoroughly checked to find out whether it functions correctly.

The synthesis operation of our paper is an important operation
to be used in the design process.

Verification is also important in the design of synthesized
model. We propose a sharing synthesis approach for PRES+,
under some constraints, several important properties, such as
liveness and boundedness, will be preserved.

In order to demonstrate the effectiveness of our synthesis ap-
proach for PRES+, we will use this approach to model and ana-
lyze an embedded system based on PRES+.

In the following, we will give models of control systems by us-
ing PRES+ sharing synthesis operation, and discuss liveness and
boundedness preservations of this synthesis PRES+ net systems.

Firstly, the PRES+ models of two control subsystems are pro-
posed. Then the synthesis PRES+ model is obtained.

Two control subsystems are illustrated in Fig. 1 and Fig. 2 by
using PRES+ methods.

>, and >, are two control subsystems. They share 3 kinds
of resources (p11 <> p21, P12 <> P22, P13 <> P23). Suppose
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1

[dirdii™]

Figure 2 The PRES+ model of control subsystem > 5.

[diy, dh] = ldy, d5), [dyy, dyy] = [dyy, dyl, lds, df] =
[dys;, dysl, and fi1 = for, fiz = f2, fi3 = fo3. The syn-
thesized PRES+ net system >, (Fig. 3) is obtained by PRES+
sharing synthesis operation, i.e. pi1, p12 and p3 of Zl and
P21, p22 and po3 of Zz are merged into py,1, pm2 and p,,3 of
>, respectively.

Figure 3 The PRES+ model of synthesis control system > _.

It is easy to see that PRES+ net system » ; and >, are live
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and bounded. Since for all p,, ps € P, (where P, =
{pPm1, Pm2, Pm3}), (Pr, Ps) 18 nOt an inter-reciprocal place pair
of 3", and ), on P, by Theorem 4.1 and Theorem 4.2, 3" is
live and bounded.

6. CONCLUSIONS

Embedded systems have lots of applications in our everyday life.
These systems as part of larger systems include both software and
hardware elements and interact with their environment. In order
to facilitate the design and verification of embedded systems,
PRES+ is proposed. PRES+ has an enormous expressive power
and lots of applications in embedded system design. But State
space explosion problem for PRES+ is somewhat awful to model
and analyze large complex embedded systems.

To solve this problem, in this paper we have investigated
property preservations of synthesis PRES+ net system. Shar-
ing synthesis operation for PRES+ is proposed. Under some
conditions, liveness and boundedness are preserved after merg-
ing some places of PRES+ net systems. As a consequence, these
results can be applied to solve design problems in control sys-
tem, manufacturing engineering and intelligent buildings. Fur-
ther research is needed to investigate subnet-sharing synthesis
operations of PRES+ and their applications.

Acknowledgment

This paper was financially supported by the National Natural
Science Foundation of China under Grant No. 61503220, and
Natural Science Foundation of Shandong Province under Grant
No. ZR2016FM19.

REFERENCES

1. L. A. Cortés, P. Eles, Z. Peng. Modelling and formal verification
of embedded systems based on a Petri net based representation.
Journal of Systems Architecture, 2003, Vol. 49, pp. 571-598.

2. L. A. Cortés, P. Eles, Z. Peng. Definitions of equivalence for trans-
formation synthesis of embedded systems. the Sixth IEEE Interna-
tional Conference on Engineering of Complex Computer Systems,
2000, pp.134-142.

3. D. Karlsson, P. Eles, Z. Peng. Formal verification of component-
based designs. Journal of Design Automation for Embedded Sys-
tems , 2007, Vol.11, pp. 49-90.

4. D. Karlsson, P. Eles, Z. Peng. Model validation for embedded
systems using formal method-aided simulation. LET Computer
& Digital Techniques, 2008, Vol. 2, No.6, pp. 413-433.

5. S. Bandyopadhyay, K. Banerjee, D. Sarkar, C. R. Mandal. Trans-
lation validation for PRES+ models of parallel behaviours via an
FSMD equivalence checker. H. Rahamanet al. (Eds.): VDAT 2012,
LNCS 7373, pp. 69-78, 2012.

6. L. A. Cortés, P. Eles, Z. Peng. Hierarchical modeling and verifica-
tion of embedded systems. Proc. Euromicro Symposium on Digital
Systems Design, 2001, pp. 63-70.

7. C. Xia. Property preservation of refinement for Petri net based
representation for embedded systems. Cluster Computing (2016)
19: 1373-1384.

349



10.

11.

12.

13.

14.

15.

16.

. C.Xia, Z.Zhang, Z. Wang. Property analysis of refinement of Petri
net based representation for embedded systems. Open Automation
and Control Systems Journal, 2013, Vol. 5, pp. 214-218.

C. Xia. Reduction rules for Petri net based representation for em-
bedded systems. Journal of Frontiers of Computer Science and
Technology, 2008, Vol. 2, No. 6, pp.614-626.

L. Jiao, T. Y. Cheung, W. M. Lu. On liveness and boundedness of
asymmetric choice nets. Theoretical Computer Science 311 (2004)
165-197.

A. A. Pouyan, H. T. Shandiz, S. Arastehfar. Synthesis a Petri net
based control model for a FMS cell . Computers in Industry, 2011,
Vol. 62, pp. 501-508.

F. Basile, F. Caccavale, P. Chiacchio, J. Coppola, A. Marino, D.
Gerbasio. Automated synthesis of hybrid Petri net models for ro-
botic cells in the aircraft industry. Control Engineering Practice
31(2014) 35-49.

H. Hu, R. Su, M. C. Zhou, Y. Liu. Polynomially complex synthesis
of distributed supervisors for large-scale AMSs using Petri nets.
IEEE Transactions on Control Systems Technology, 2016, Vol. 24,
No. 5, pp. 1610-1622.

B. Finkbeiner, E. —R. Olderog. Petri games: synthesis of distributed
systems with causal memory. Information and Computation 253
(2017) 181-203.

M. C. Zhou, F. DiCesare. A hybrid methodology for synthesis of
Petri net models for manufacturing systems. IEEE Transactions on
Robotics and Automation 8 (1992) 350-361.

C. Xia. Liveness and boundedness analysis of Petri net synthe-
sis. Methematical Structures in Computer Sciences, 2014, Vol.24,
iss.5, pp. 1-19. Cambridge University Press 2014.

350

LIV

18.

20.

21.

22.

ENESS AND BOUNDEDNESS PRESERVATIONS OF SHARING SYNTHESIS

. E.Best, R. Devillers. Characterisation of the state spaces of marked
graph Petri nets. Information and Computation, 253 (2017) 399-
410.

G.Y.Liu, Z. W. Li, K. Barkaoui, A. M. Al-Ahmari. Roubustness of
deadlock control for a class of Petri nets with unreliable resources.
Information Sciences, 2013, Vol. 235, pp. 259-279.

. Q. Hu, Y. Y. Du, S. Yu. Service net algebra based on logic Petri
nets. Information Sciences, 2014, Vol.268, pp. 271-289.

F. Basile, R. Cordone, L. Piroddi. A branch and bound approach
for the design of decentralized supervisors in Petri net models.
Automata, 2015, Vol.52, pp. 322-333.

C. Xia. Analysis of properties of Petri synthesis net. J. =Y. Cai,
S. B. Cooper, and A. Li (Eds.): TAMC 2006, LNCS 3959, pp.
576-587.

C. Xia. Structural property analysis of Petri net synthesis shared
pp subnet. Journal of Computers, 2012, Vol. 7, No. 1, pp. 292-300.

computer systems science & engineering



