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We provide motivation for and then study the synthesis of Petri nets. Synthesis can avoid
the state exploration problem by guaranteeing correctness for the Petri net. We propose
conditions to be imposed on a synthesis shared pb-type subnet for systems specified in Petri
nets that ensure the preservation of the liveness and boundedness structural properties.
Specifically, we propose a group of sufficient conditions, or both sufficient and necessary
conditions, for liveness preservation and boundedness preservation. Possible applications of
this synthesis method are illustrated through an example in the form of a flexible
manufacturing system. These results are useful for studying the static and dynamic
properties of Petri nets for analysing the properties of large complex systems.

1. Introduction

Subsystem sharing is a common and basic issue in system design. For example, in
manufacturing engineering, plant and workstations are often shared by several processes
as subsystems. For convenience, we can use the Petri net synthesis method to verify these
subsystems.

Petri net based synthesis is a well-known approach to system design, which provides a
conceptual foundation for synthesising a system from a set of component modules in such
a way that the system can be effectively analysed for design correctness and consistency.
We will begin by giving a brief review of some representative methods in the synthesis of
Petri nets.

Agerwala and Choed-Amphai (1978) defined a kind of ST-net, which, under certain
conditions, can be used to model some systems. Cheung (Krogh and Beck 1986) proposed
a Petri-net-based synthesis methodology to resolve the use-case driven system design
problem. The design objective for a number of concerns related to the sharing of resources,
the finite capacity of system components and the need for system re-initialisation is to
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obtain a robust system that is live, safe and reversible. Lorenz (Koh and DiCesare 1991)
presented an algorithm for synthesising a finite place/transition Petri net (p/t-net) from a
finite set of labelled partial orders (a finite partial language). The refinement and abstract
representation method for Petri nets has been proposed (Badouel and Darondeau 2004),
and is the key method for ensuring the synthesis net preserves well-behaved properties.
Xia investigated the preservation of properties for a type of synthesised Petri net so that,
subject to some constraints, liveness and boundedness are preserved after merging certain
sets of subnets (Cheung et al. 2006).

Lorenz et al. (2008) presented a feedback control synthesis method to provide a
systematic and easily implementable tool for specialists in the DES field. This method has
the advantage of being applicable to both safe and non-safe PN models.

Xia (2006) proposed an approach for modelling Web service composition using Petri nets
and based on OWL-S. In this approach, the boundedness and liveness properties of the
Petri net models are analysed in order to guarantee the correctness of the composite Web
service. An overall system Petri net model is obtained by synthesising individual modules
satisfying system features such as production rates, buffer capacities and machine expected
up, down or idle time (Xia 2008). Xia also investigated the transformation achieved by
merging a set of Petri net subnets beyond asymmetric choice nets, and proposed conditions
for it to preserve structural liveness (Vasiliu et al. 2009).

Kindler presented mining and synthesis algorithms that derive a Petri net model of a
business process from a versioning log of a document management system (Ding et al.
2008). Carmona presented an algorithm for the synthesis of bounded Petri nets from
transition systems (Ding et al. 2008). This algorithm has also been implemented in a tool.
Bergenthum showed that VipTool can synthesise Petri nets from partially ordered runs
and explained how, with the synthesis feature included, VipTool can be used for a stepwise
and iterative formalisation and validation procedure for business process Petri net models
(Tsinarakis et al. 2005).

Xia investigated one type of transformation and its property-preserving approach to
verification (Xia 2005). He proposed a kind of sharing Single-Link subnet synthesis
method, with conditions for preserving structural liveness of the synthesis net. In order
to study the preservation of properties for the synthesis net, in the current paper we
investigate another type of transformation and its property-preserving approach to
verification. We propose a kind of sharing pb-type subnet synthesis method, which,
subject to some conditions, ensures the preservation of the liveness and boundedness
dynamic properties.

1.1. Organisation of the paper

We give basic definitions in Section 2, and then present the refinement and abstract
representation method for Petri nets in Section 3. We obtain conditions that ensure the
synthesis will preserve liveness and boundedness in Section 4, and present an application
of the synthesis method for solving subsystem sharing problems in Section 5. Finally, we
present our conclusions in Section 6.
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2. Basic definitions

In this section, we will give a quick review of some key definitions — a more general
discussion on Petri nets can be found in Murata (1989).
A weighted net is denoted by N = (P, T, F, W) where:

— P is a non-empty finite set of places;
— T is a non-empty finite set of transitions with

PT = ¢:
— F is a flow relation satisfying
F<c(PxT)U(T xP);
— W is a weight function defined on the arcs, that is,

W F - {1,2,3,..).

We say
N = (P, Ty, F1, Wy)
is a subnet of N if
P, cP
T, =T
P# g
T+ J
Fi =Py x T1)U (T x Py)
Wy=W | F, (that is, W is the restriction of W on Fy).
A marking of a net N = (P, T,F, W) is a mapping
M:P— {012, -}
A Petri net is a pair (N, My), where N is a net and My is the initial marking of N. A

place p is said to be marked by M if M(p) > 0. A transition ¢ is enabled or fireable at a
marking M if for every p € t, we have

M(p) = W(p,1).

A transition ¢t may be fired if its enabled firing transition ¢ changes the marking M to a
new marking M, where M  is obtained by removing W (p,t) tokens from each p € t and
adding W (t, p) tokens to every p € t". This process is denoted by

M[t> M.
If
M[tl > Ml[t2 > M2 > "'Mn—l[tn > Mna

then ¢ =t - -t, is called a firing sequence leading from M to M, and is denoted by

Mo > M,.
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We write R(My) to denote the set of all markings reachable from the initial
marking M.

A transition ¢ is said to be live in (N, My) if for any M € R(M,), there exists M € R(M)
such that t can be fired at M. We say (N, M) is live if and only if every transition of N
is live. A place p is said to be bounded in (N, M) if and only if there exists a constant k
such that M(p) <k for all M € R(M,). We say (N, My) is bounded if every place of N is
bounded.

Definition 2.1. A net
No = (Po, To, Fo, Wo)
is said to be a pb-type subnet of N = (P, T, F, W) if and only if:
(1) Ny is a subnet ofN.
2)*ToUu Ty N(P —Py) = .
(3) There exists a transition set
T,=T—T
such that the subnet generated by Py and Ty U T4 forms a strongly connected state
machine in N.
(4) There exists a directed path from every input place or initially maked place to every
output place within Nj.

Definition 2.2. Suppose

Ny = (P, Ty, Fi, Wy)
Ny = (Py, Tr, F2, W)

are two Petri nets such that

PiNP,=Py#+ &
T'NnT,=@.

Then N = (P, T,F, W) is said to be a sharing synthesis net of Ny and N, if

P =P UP,
T=T,UT,
F=F UF,.

Definition 2.3. Suppose M is the initial marking of N; and M, is the initial marking of
N, such that for all p € Py we have

Mio(p) = Mao(p).
Then the initial marking of the sharing synthesis net N is

Mio(p) peP

Mo(p) = { My(p) pe€ P
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The corresponding net system is

21 = (N1, Myp)
2y = (N2, My)
> — (N, Mo).

X is said to be the sharing synthesis net system of X; and X,.
Definition 2.4. Suppose

Ny = (P, T\, Fi, W)
Ny = (P3, Ty, F2, W>)

are two Petri nets. Then N = (P, T, F, W) is said to be a synthesis net of Ny and N, with
shared pb-type subnets if the following conditions are satisfied:

(1) We have
Po=PiNP,#+
To=TiNT> + &
(2) We have
P=PUP,
T=TiUT,
F=F UF,.

(3) N1 and N, share the pb-type subnet set Ny defined by
No = {Npp1, Npp2, =, Npp J,
where Nppi(i =1,2,--- ,k) are pb-type subnets.
Definition 2.5. Suppose
Xy = (N1, Myo)
%y = (N2, M)
are two Petri net systems, and suppose £ = (N, M) is such that

(1) N is a subnet of shared pb-type subnets of N; and N,;
(2) for all p € Py with Mjo(p) = M>y(p) we have My is defined as

Mio(p) peEP
Mo(p) =
olp) { Mx(p) p€E P
Then X is said to be the synthesis net system of the £; and X, shared pb-type subnets.
Definition 2.6. Suppose X = (N, M) is a Petri net system and

P=PUP,
PiNnP,=.
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Then (p;,p;) is said to be a place ordered pair of ¥ = (N, Mp) on Py if the following
conditions are satisfied:

(1) pinpj € Py and i # j.
(2) If there exists M; € R(M) such that

Mi(pi) =0

M;(p;) > 0,
then for all ¢ € (T — p})” we have

Mo > M,

Ms(pi) = 0.

Definition 2.7. Suppose (p;,p;) is a place ordered pair of £; on Py and (pj,p;) is a place
ordered pair of X, on Py. Then (p;, p;) is said to be an inter-reciprocal place ordered pair
of X1 and X, on P,.

Definition 2.8. Suppose X is the sharing synthesis net system of X and X, and p;, p; € Po.
Then (p;, pj) is said to be a sharing place ordered pair if and only if:
(1) For all M € R(M;) we have both
M(pi) >0
M(p;) > 0.
(2) If M[t > M, (where { € T; N p?), then for all

ge(T—TiNpj)

we have

Mi[o > M,
and for all

te TNpj
we have

Myt >

3. Refinement and abstract operations

In this section, we present a pb-type subnet refinement operation and a pb-type abstract
operation. The two operations, which preserve boundedness and liveness, will be useful
for proving some theorems in Section 4.

Definition 3.1 (pb-type subnet abstract operation). The Petri net
Nz@ﬁﬁwj

is obtained from the Petri net
N=(P,T,F,W)
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by using a place Py to replace a pb-type subnet
No = (Po, To, Fo, Wo),

where:
(1) P'=(P —Py) U {po};
Q)T =T —To;

(3) F = (F = Fo—({(t.p).(p,1) | t € T — To,p € Po} N F))
U{(t,po) [te T —Tyt* NPy #@}U{([)o,t) |te T — Tyt* NPy #Q},

(4) for all
te* PyUP; —Ty— Ty,
we have
W (po.t) =[* tN Py |
W(t.po) =I" tN Py |;
(5) we have

My(po) = > Mo(p)

pEP)

and for p € P' — {po}
Mo(p) = Mo(p)

Definition 3.2 (pb-type subnet refinement operation). The Petri net
N= (P, T,F,W)
is obtained from the Petri net
N = (P,’ T'F. W’)
by using a pb-type subnet
No = (Po, To, Fo, Wo)
to replace pg. This operation is the inverse transformation of the pb-type subnet abstract

operation, that is, (N, M(')) is transformed into (N, My).

Definition 3.3. The (N, M(’)) obtained from (N, My) by a pb-type subnet abstract operation
comprises the net N' and the marking M,, where

, > M(p) p=ro
My(p) = { 7P

Mo(p)  pE€P —{po}.

Lemma 3.1. Suppose (N, M(')) is obtained from (N, My) by a pb-type abstract operation.
If there exist a fireable transition sequence ¢ and marking M  such that

Myle > M,
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then there exist a fireable transition sequence o, corresponding to o, and marking M such
that

Myloc > M.

Proof. By the assumption, there exist a fireable transition sequence ¢ and marking M’
such that M(') [¢' > M. Suppose

’

0 =010y, ,Zjoti, ",z tkaq,

where every
o, N (P U° po) = &,

every z; € *po and every z; € p;. Then in (N, My), we have

ti,zi € Ty U {.PO U PO. —Ty— TA}.
By Definition 2.1, we have for all

x € (PoNty)U{p € Py | Mo(p) > 0}
and for all

yeE€zinPy, i=12,"n

there exists a path ; from x to y such that J; lies entirely within Ny. Since these paths
lie within a connected state machine, they are all fireable sequences at M; if M;(ps) > 0,
where ps € 6; and M; € R(My), and every firing will preserve the number of tokens within
Py. In particular, some of them are fired so that every place in

oL i=1,2-n

gets a token eventually in (N, My). Let g; be such a firing sequence if a sequence in o; is
fired. Then, the sequence

o= G;Ilﬂ/ztz, cee ,O'iZjGEI'i, L0z l'k()';,
is fireable. Since firing o; preserves the number of tokens, we have My[o > M. ]

Lemma 3.2. Suppose (N, M(')) is obtained from (N, My) by a pb-type abstract operation.
If there exist a fireable transition sequence ¢ and marking M such that

My [0 > M,
then there exist a fireable transition sequence ¢ (corresponding to ¢) and marking M’
such that
Mylo > M .
Proof.

(1) If ¢ is the null sequence, it is obvious that M = Mj. Then, by Definitions 3.1 and 3.3,
we have ¢ is the null sequence and M' = M,,.
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(2) We now assume the proposition holds for every v, where | v |< n, that is, for such v
and M;, we have My[v > M; implies Mé)[v/ > M;. Let ¢ = vt and the marking M
satisfy

My[v > Mt > M.
If t € Ty, we have ¢ = v.
By Definitions 3.1 and 3.3, we have
M =M,
Mylo > M .
If t € T — Ty, we have ¢ = vt.

By the above assumption, it is now sufficient to show that t is fireable at M. By
Defnition 3.3,

M,(po) = Y Mi(p)

pEPy
and M;(p) = My(p) for p € P — {po}. Since t is fircable at M; in N, we have
M;i(p) = W(p,1)
for all p €® ¢t in N. Hence
M (p) = W (p.1)
forallpe®tin N. If
petut® —{po},

we have
M (p) = M(p)
= M(p) =1
= M,(p) £ 1
M (po) =Y M(p)
PEP
= M;(po) + W (&, po) — W (po, ).
If
peP —(tur*),
then
M (p) = M(p) = Mi(p) = M, (p).
Hence,
Mylo' > M,[t > M,
which completes the proof. U]

Theorem 3.1. Suppose (N, M(')) is obtained from (N, Mj) by a pb-type abstract operation.
Then (N, M(/)) is bounded if and only if (N, My) is bounded.
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Proof.

(=) Suppose (N, M(/)) is bounded. For every reachable marking M of (N, M) we have, by
Lemma 3.2, that M is a reachable marking of (N, M(')). Then, by Definition 3.1, for
every place p in N, we have M(p) is bounded by M (p).

(<) Suppose (N, My) is bounded. For every M € R(Mé)), since within Ny there exists a
directed path from every input place or initially marked place to every output place
(Definition 2.1), we have, by Lemma 3.1, that M (p) is obviously bounded by M(p)
or M(Py). ]

Theorem 3.2. Suppose (N, M(/)) is obtained from (N, M) by a pb-type abstract operation.
Then (N, M(/)) is live if and only if (N, M) is live.
Proof.

(=) Suppose (N, M(')) is live. Then for every ¢ € L(N, My) and every t € T, we have, by
Lemma 3.2, that there exists ¢ € L(N, M’O). Since (N, M(/)) is live, there exists o"1 eT”
such that

oyt € L(N, My).
Since there exists a directed path from every input place or initially marked place

to every output place within Ny (Definition 2.1), we have, by Lemma 3.1, that there
exists o; € T" such that

oot € L(N,M()).
So, (N, My) is live.
(<) Suppose (N, My) is live. Then for every
o € L(N, M,)
and every t € T, since there exists a directed path from every input place or initially
marked place to every output place within Ny (Definition 2.1), by Lemma 3.1, there

exists ¢ € L(N, My) corresponding to o'. Since (N, My) is live, there exists o, € T~
such that

oot € L(N,Mo).
By Definition 3.1 and Lemma 3.2, we then have

o ot € L(N, My).
So (N, Mé)) is live. ]

4. Liveness and boundedness preservation of synthesis nets

In this section, we propose some conditions for the liveness preservation and boundedness
preservation of synthesis nets. This is important for the property analysis of complex nets.

Theorem 4.1. Suppose Z; and X, are two live and bounded Petri net systems, X is the
synthesis net system of £; and X, with shared pb-type subnets. Let £; and X, be obtained
from X and Z,, respectively, by pb-type abstract operations, and the corresponding place
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set be P. Let £ be the sharing synthesis net of £, and X,. If for all p’l,p'j € P, we have
(p;-, p'j) is not an inter-reciprocal place ordered pair of Z’l and Z’z on P(;, then X is live and
bounded.

Proof. Suppose the pb-type subnet set is
NO = {NplaNp2a T aNpk}'

Let 2/1 and 2'2 be obtained from X; and X,, respectively, by pb-type abstract operations.
Let

Py = {Pmapoza“' ,P()k}
be obtained from Ny by a pb-type abstract operation. Since X, and X, are two live and

bounded Petri net systems, by Theorems 3.1 and 3.2, =, and X, are two live and bounded
Petri net systems. Since X; and X, are live and bounded, we have:
(1) In X, there exists an integer k; > 0 for all p; € P, and all M,, € R(M},) such that
M,11(/P/1)<k1~ / / / /
(2) In Z,, there exists an integer k, > O for all p, € P, and all M,, € R(M,,) such that
My (p)) < k.
In X', we have for all p € P’ that

p €P —P
or

p €P,—P,
or

pe P(;.

Considering these cases in turn:
— If p € P; — Py, then

M’ € R (M(’)) ,M’ (p/) < max M/ll (p,) + Z max <M21 (p”))
M; eR(M},) S er! MjeR (M)
< kg + kka,
(where k is the place number of P(;).

— If p/ IS Pé — P(;, then for all M' € R (M(/)),
MQQ<M+&L
— Ifp e P(;, then for all M' € R (M(/)),
M p/ < max M, p/ 4+ max M>; p”
()%, me M0 (5) e (0 ()
< ki + k.

Let
k = (k + 1)(k; + k).
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Then for all p € P" and all M'€ R(M,), we have M (p) < k, that is, ¥ is bounded.

We will now prove the liveness of £ = (N, M(')). Suppose X = (N, M(')) is not live. Then
there exist an M; € R(M’O) and at'e T forall M e R(M;) such that =M '[t' >. Now, it
is obvious that

(e {t/ |t ep*Vp € PO}
Without loss of generality, we can suppose ¢ € T. Since ¥, is bounded, we have that
there exist M, € R(M,), p/j € P, and f'¢€ p_’]»' such that

M, (p)) =0,
and for all p €* ' N P;,
M, (p) = 1.

It is obvious that the resources of p;- are used by 2'2 and not given back to p] Since 2/2 is
live and bounded and 2'2 has acquired the resources of p/j, if for all

{ e Tz/ﬂ {t’ i ep*Vp € P(; p %p’j},
there exists a transition sequence a'l € (T2')* such that
Mo, > M

M [t >,

then there exist t/; e* p;» N T, and a, € (T,)* such that

M’ [0’2 >M",
that is,
M () 2 1.
Hence,
M >

But this contradicts =M[¢" > for all M’ € R (M;).
So, there exists p; € P, with p; # p} for all ¢’ € (T,)* and M,[c' > M, such that

e Tnp
and
M >
Since for all p €* t" N P, we have
M; (P/) =1
M; (p}) =0,
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the resources of p; are used by Z’l and not given back to p;-, and the resources of p'j

are used by E’Z and not given back to pj This means that there exist M'3 € R(M(')) and

p;-,p'j € P, such that:

— 2’1, which having used the resources of p;, will give back the resources of p; after it
has used the resources of p'j; and

— 2/2, which having used the resources of p;-, will give back the resources of p'j after it
has used the resources of p;.

By Definition 2.7, we have that (p;-, p'j) is an inter-reciprocal place ordered pair of Z'I and
Z’z on P(;. However, this contradicts the fact that (p;,p'j) is not an inter-reciprocal place
ordered pair of £, and X, on P,. Hence, X' = (N, M,) is live. Let = be obtained from X'
by a pb-type refinement operation. In the process, p;n, I’/ozv R p;]k should be replaced by
Npi, Npa, - -+, Ny, respectively.

Finally, since X is live and bounded, by Theorems 3.1 and 3.2, ¥ is also live and
bounded. U]

Corollary 4.1. Suppose X; and X, are two live and bounded Petri net systems, and X is the
synthesis net system of ¥; and X, with shared pb-type subnets. Let £, and ¥, be obtained
from Z; and X,, respectively, by pb-type abstract operations, and let the corresponding
place set be P,. Let = be the sharing synthesis net of | and X,. If £; and X, have the
same place ordered pair on P(;, then X is live and bounded.

Corollary 4.2. Suppose £; and X, are two live and bounded Petri net systems, and X is the
synthesis net system of £; and X, with shared pb-type subnets. Let 2'1 and 2’2 be obtained
from X; and X,, respectively, by pb-type abstract operations, and the corresponding place
set be Py Let X' be the sharing synthesis net of | and X,. If ¥; and %, do not have a
place ordered pair on P(;, then X is live and bounded.

Theorem 4.2. Suppose £ and Z, are two live and bounded Petri net systems, and X is the
synthesis net system of ¥; and X, with shared pb-type subnets. Let £, and ¥, be obtained
from X and Z,, respectively, by pb-type abstract operations and the corresponding place
set be Py. Let £’ be the sharing synthesis net of £} and ;. If M, (p') =0 for all p’ € P,
then X is live and bounded.

Theorem 4.3. Suppose Z; and Z, are two live and bounded Petri net systems, and X is the
synthesis net system of £; and X, with shared pb-type subnets. Let 2'1 and 2’2 be obtained
from X; and X,, respectively, by pb-type abstract operations, and the corresponding place
set be Py. Let X' be the sharing synthesis net of £, and X,. Then X is live and bounded
if and only if ¢ is live for all

t e {t/ i ep*,Vp e P{)}.

Proof.
(<) Suppose the pb-type subnet set is

NO = {NplaN[)Za'.. 7Npk}'
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Let E’l and 2'2 be obtained from X; and X,, respectively, by pb-type abstract
operations. Now

Py = {Poppoza"' aPOk}
is obtained from N, by pb-type abstract operations. Since X; and X, are both live
and bounded Petri net systems, by Theorems 3.1 and 3.2, £| and X, are both live and
bounded Petri net systems. Since ¢ is live for all
{ e {t' |{ ep*Vp € P{)},

we have for all M e R(Mé)) that there exists M; € R(M) such that M'[f > . Without
loss of generality, we can suppose

teT,—{t |t ep*Vp eP)NT,.
Since in ¥, we have
{t |{ ep®¥p €Py}
is live, by Definitions 2.2 and 2.3, we have for all M; € R(M,) there exists ¢, € T'"

such that
M;[o, > M,.
Suppose now that M, is the projection of M, on X,. Then there exists o, € T, such
that
Mo, > M;
M;[t > .

Hence, X is live and bounded.
Now let = be obtained from X by pb-type refinement operation. In the process,

P,01>P;)2, T 9P6k
should be replaced by
Npt, Ny, -+, Nk,
respectively. Since X is live and bounded, X is also live and bounded by Theorems 3.1

and 3.2.
(=) Since X is live, it is obvious that ¢ is also live for all

{ e {t' |{ ep*Vp € P{)},
which completes the proof. ]
Theorem 4.4. Suppose Z; and X, are two live and bounded Petri net systems, and X is the
synthesis net system of ¥; and X, with shared pb-type subnets. Let Z’l and 2/2 be obtained
from X; and X,, respectively, by pb-type abstract operations, and the corresponding place
set be P(;. Let ¥ be the sharing synthesis net of Z’l and Z’z. Let (p;,p;) be an inter-

reciprocal place ordered pair of Z’l and 2'2 on P(;. Then, if (p;,p'j) and (p'j, p;-) are sharing
place ordered pairs of 2'1 and 2/2, respectively, then X is live and bounded.
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Proof. Suppose the pb-type subnet set is
No = {Npi,Np, "+, Ny}

Let 2/1 and 2'2 be obtained from X, and X,, respectively, by pb-type abstract operations.
Then

Py = {Poppozz"' :pOk}
is obtained from Ny by pb-type abstract operations. Since X; and X, are both live and
bounded Petri net systems, ¥; and X, are also live and bounded Petri net systems by

Theorems 3.1 and 3.2.
Now, for every inter-reciprocal place ordered pair (p;, p'j) of Z’l and 2'2 on P(;, if
{epnT,
(' eprnT,
then t" and ¢ do not fire for all M’ € R(M,). By the liveness of ¥, and X, if there exists
' € p* N T, for all M' € R(M,) such that M[t{" > M,, then for all { € p/j‘ N Ty, there
exists M € R(M,) such that M;[t >, that is, ¢ is live.

For the same reason, if " € p N T, and M,[t" > M, for all M" € R(M,), then ¢ is live
for all t € p* N T,

Now, /for all p’i, p/j € P(;, if (p;, plj) is I/lOt an inter-recilproc/al place ordered pair/ of Xy and
%, on P, by Corollary 4.1, we have t is live for all ¢ € p;’(k = 1,2). Hence, ¢ is live for
all

{ e {t' |t ep*Vp € P{)}.
Hence, by the proofs of Theorems 4.1 and 4.3, X' is live and bounded. So, let = be
obtained from X' by a pb-type refinement operation. In the process,

Po1>Po2> """ 5> Pok

should be replaced by
NplaN,DZ)' o 9Npk9

respectively. Since X is live and bounded, X is also live and bounded by Theorem 3.1 and
Theorem 3.2, and the proof is complete. U]

5. Applications

In this section, we apply the results of Section 4 to design a flexible manufacturing system
using two other flexible manufacturing systems that share a subsystem.

We consider two manufacturing systems, each of which consists of one machining
centre. The two systems run as follows:

System A: In this case, the intermediate parts are machined by machine M; in the
machining centre. Each part is fixed to a pallet and loaded into the machine M; by
robot R. After processing, robot R unloads the final product, releases it from the pallet
and then returns the pallet.
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System B:
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In this case, the raw parts are machined first by machine M, and then by

machine M3 . Each part is fixed to a pallet and loaded into the machine by robot R.
After processing, robot R unloads the intermediate part from M, into buffer B. At
machine M3, the intermediate parts are automatically loaded into M3 and processed.
When M3 has finished processing a part, robot R unloads the final product, releases it
from the pallet and then returns the pallet.

In order to share resources and enhance efficiency, a manufacturing system can be
obtained from system A and system B by a synthesis operation. In order to specify the
manufacturing system using Petri nets, each operation process is abstracted to a single
place and each transition represents the start of and/or completion of a process. We will
first give the Petri-net based models of Systems A and B, respectively, and then a synthesis
net system obtained from Systems A and B by a synthesis operation with a shared pb-type
subnet. Finally, we will analyse the preservation properties of the synthesis operation.

The Petri-net based model £; = (N, M) of System A is shown in Figure 1, where the
meanings of the places are:

pi:
D12:
p13:
Di14:
Dis:
Die:
D17:

pallet and intermediate parts are available;

request robot R;

acquire R, and R loads the pallet into machine M;;
intermediate parts are processed in M ;

machine M, is available;

request robot R;

robot R unloads a final product and returns the pallet;

poi(i = 1,2,3): robot R is available;

and the meanings of the tranistions are

t11:
t12:
t13:
tig:

start activity pi3;

complete py3 and start activity py4;
complete py4 and start activity py7;
complete py7;

toi(i = 1,2,3): intermediate processing on a robot before passing it from one process
to another.

The Petri-net based model X, = (N,, M) of System B is shown in Figure 2, where the
meanings of the places are:

D21 -
D22
D23
D24
Das:
D26
D27
D2s:

pallet and raw parts are available;

machine M, loads and processes a part;

machine M, is available;

intermediate parts are available;

robot R loads an intermediate part into buffer B;

buffer B is available;

intermediate parts are available;

machine M3 processes an intermediate part, R unloads a final product from M3,

releases and returns the pallet;

D29

macnine Mj; is available;
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Fig. 2. Petri net system X, = (N,, M)

and the meanings of the tranistions are

— ty1: starts activity pi;

— ty: completes py; and start activity po4;
— ty3: completes po4 and start activity pos;
— ty4: completes prs and start activity po7;
— ty5: completes po7 and start activity pos;
— ty¢: completes pog.

Systems A and B both contain a pb-type subnet Ny, which is generated by

{Po1, P02, Po3, to1, to2, tos |-

In order to save resources (such as the robot) and enhance efficiency, a synthesis net
system X = (N, My) (see Figure 3) can be obtained from System A

X = (N1, Myo)
and System B
25 = (N2, My)

by a synthesis operation with the shared pb-type subnet. Since £; and X, are live and
bounded net systems, the synthesis net system X = (N, My) is also live and bounded by
Theorem 4.3.
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Fig. 3. The synthesis net system X = (N, M)

6. Conclusions

In this paper, we have investigated the preservation of properties for synthesis Petri nets.
We have proposed a refinement and abstract representation method for Petri nets. Given
some additional constraints, liveness and boundedness are preserved after merging some
sets of pb-type subnets of Petri nets. As a consequence, this result can be usefully applied
to solve some subsystem sharing problems in software engineering and manufacturing
engineering. In comparison to most existing methods, which are only applied to state
machines, marked graphs or AC nets to solve resource-sharing problem, our method is
applicable to a wider class of Petri nets than AC nets to solve subsystem sharing problems.
Further research is needed to determine how to extend the results obtained in this paper
to more general types of nets.
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