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Abstract—This paper is dedicated to the study of behavioral equivalences of concurrent systems modeled by
Petri nets. The main notions of equivalence known from the literature are complemented by new ones and ana-
lyzed on the whole class of Petri nets and on the subclass of sequential nets (nets without concurrency). A com-
plete description of relationships between equivalences considered is obtained. Whether or not equivalence
notions are preserved under the refinement operation, which makes it possible to consider the behavior of nets

at a lower abstraction level, is also analyzed.

1. INTRODUCTION

A Petri net is a well-known formal model used for
designing concurrent and distributed systems. As is
well known, one of the main advantages of Petri nets is
the possibility to structurally characterize basic aspects
of concurrent computations: causal dependence, non-
determinism, and concurrency.

In recent years, a variety of semantic equivalences
have been introduced in the concurrency theory. Many
of them were either defined directly or were carried
over from other models to Petri nets. The following
basic equivalence notions for Petri nets are known from
the literature:

(1) Trace equivalences (which take into account
only protocols of net operation): interleaving equiva-
lence [8], step equivalence [11], and equivalence of
partially ordered multisets [7].

(2) Ordinary bisimulation equivalences (which take
into account the branching structure of net operation):
interleaving equivalence [10], step equivalence [9],
equivalence of partial words [15], equivalence of par-
tially ordered multisets [5], and process equivalence [2].

(3) ST-bisimulation equivalences (which take into
account the duration of transition action in the net):
interleaving equivalence [7], equivalence of partial
words [15], and equivalence of partially ordered multi-
sets [15].

(4) History-preserving bisimulation equivalences
(which take into account “the past” (history) of net
operation): the equivalence of partially ordered multi-
sets was introduced [12].

(5) Conflict preserving equivalences (which take
full account of conflicts in the net): the O-process
equivalence was considered in [7].

(6) Isomorphism, i.e., the identity of nets up to
renaming places and transitions.

When designing concurrent systems by the top-
down method, the refinement operator is used that
endows some of the net’s elementary components with
an internal structure; this makes it possible to consider
such systems at a lower level of abstraction. In [4], the
SM-refinement operator for Petri nets was suggested
that changes their transitions for SM-nets, which con-
stitute a specialized subclass of automata nets.

In this paper, we introduce a number of new notions
in addition to known ones with the aim of obtaining a
complete set of equivalences for Petri nets. These new
notions are trace equivalences of partial words and pro-
cesses, ST-bisimulation equivalence, history preserv-
ing process bisimulation equivalence, and the equiva-
lence on multistructures of events. Relationships are
established between new and known equivalence
notions both on the whole class of Petri nets and on the
subclass of sequential nets, where the firing of concur-
rent transition actions are not allowed. In addition, for
all behavioral equivalences considered, it is verified
whether they are preserved under SM-refinement.

The paper is organized as follows. In Section 2,
basic definitions are given. In Section 3, behavioral
equivalence notions are introduced. Section 4 is dedi-
cated to the analysis of equivalences on the whole class
of Petri nets, and Section 5 considers equivalences on
the subclass of sequential nets. The invariance of equiv-
alences under refinement is analyzed in Section 6. The
final section, Section 7, contains a brief review of the
results obtained and an outline of lines of further inves-
tigations.
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2. BASIC DEFINITIONS

In this section, we give basic definitions used in the
paper.

2.1. Multisets

Definition 2.1. Let X be a set. A mapping M: X —
N (where N is the set of non-negative integers) such
that |{x € X|M(x)>0}| < e is called a finite multiset M
over X.

Denote by A(X) the set of all finite multisets over X.
If Vxe X M(x) <1, M is an ordinary set. The cardinal-

ity of a multiset M is defined as |M| = ZXE «M(x). We

will write x € M if M(x) >0 and M, c M, if Vx € X
M (x) £ My(x). Introduce the following definitions:
M+ My)(x) = Mi(x) + My(x) and (M, — M,)(x) =
max {0, M,(x) — Mx(x)}.

2.2. Labeled nets

Definition 2.2. Let Act = {a, b, ...} be a set of
actions or labels. A labeled net is a quadruple N = (P,
Ty, Fy, L), where

(1) Py={p, q, ...} is the set of places;

(2) Ty ={u, v, ...} is the set of transitions;

(3) Fn: (Py X Ty) U (Ty X Py) — N is the incidence
relation with weights (N denotes the set of non-negative
integers); and

(4) ly: Ty — Act is a label of transition by actions.

Let N: <PN’ TN’ FN’ lN> andN‘ = <P}v', TN', FN', lN> be
labeled nets. A mapping B: N — N'is called isomor-
phism between N and N' (denoted by B: N = N') if B is
a bijection such that B(Py) = Py, B(Ty) = Ty, Vp € Py V't

€ Ty Fy(p, 1) = Fy(B(p), B(1)), F(t, p) = Fy(B(®), B(p)),
and V¢t € Ty [\(t) =ly(B(7)). Labeled nets N and N' are
called isomorphic (denoted by N = N') if 3B: N = N'.

For a labeled net N and its transition ¢ € Ty, define
the precondition and postcondition of t (denoted by °¢
and °, respectively) as multisets (*f)(p) = Fy(p, 1) and
(#*)(p) = Fp(t, p). Similar definitions are introduced for

places: (*p)(¥) = Fx(t, p) and (p°)(¥) = Fpy(p, 1). Denote
by °N = {p € Py|°p = &} the set of input places of N
and by N° = {p € Py|p*® = D}, the set of output places
of N.

A labeled net N is called acyclic if there is no
sequence fy, ...,t, € Tysuchthat t7 | N°LzD(1<i<
n) and #, = t,. A labeled net N is called ordinary if Vp €
Py, °p and p°® are ordinary sets (not multisets).

Let N = (Py, Ty, Fy, ly) be an acyclic ordinary
labeled net, and x, y € Py U Ty. Introduce the following
notions:

(1) x <y y < xFyy, where F), is the transitive clo-
sure of F (the relation of strict causal dependence);
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2)x =y y© (x <y Yy V (x =y) (the relation of
causal dependence);

Bty dtbue Ty(tzu,tNusD,t <y x,
u <, y) (the relation of conflict);

W dyx={ye PyUTyly <y X} (the set of strict pre-
decessors of x).

A set T Ty is closed to the leftin N, if Vie T ({y
N TycT AsetTis conflict-freein Nit Vi, ue T

—(t##yu). A set T is a configuration in N if it is finite,
closed to the left, and conflict-free in N.

2.3. Marked Nets

Definition 2.3. A multiset M € M(Py) is called a
marking of a labeled net N. A marked net (net) is a
quintuple, N = (Py, Ty, Fy, ly, My), where {Py, Ty, Fy,
Ly is a labeled net and My € J(Py) is an initial mark-
ing.

Let N = <PN’ TN’ FN’ le MN> and N' = <PN'7 TN" FN‘v
ly, My) be marked nets. A mapping B: N — N'is
called an isomorphism between N and N' (denoted by B:
N = N if B: (Py, Ty, Fy, Iy) = (Py, Ty, Fy, ly), and
Vp e My M\(p) = My(B(p)). Nets N and N' are called
isomorphic (denoted by N = N") if AB: N = N'.

Let M € JU(Py) be a marking of a net N. A transition
t € Ty is termed feasible in M if *t € M. If ¢ is feasible

in M, its action results in a new marking M=M-"°t+
#*, denoted by M —“~ M. A marking M of a net N is
called attainable if M = M or an attainable marking M

of N exists such that M —> M for some t € Ty.
Mark(N) denotes the set of all attainable markings of N.

2.4. Partially Ordered Sets

Definition 2.4. A marked partially ordered set is a
triple p = (X, <, [), where

(1) X={x,y, ...} is a set;

(2) << X x X is a strict partial order (irreflexive
transitive relation) on X;

(3) I: X — Act is a marking function.

Let p = (X, <, [) be a partially ordered set and x € X.
Then, {x = {y € X|y < x} is called the set of strict pre-
decessors of x.

Let p = (X, <, l) and p' = (X, <', I') be labeled par-
tially ordered sets.

A mapping B: X — X' is called a label-preserving
bijection between p and p' (denoted by B: p = p'if B is
a bijection such that Vx € X I(x) = I'(B(x)). We will
write p=p'if P:p=p'.

A mapping B: X — X' is called a homomorphism
between p and p' (denoted by B: p = p') if B: p = p' and
Vx,ye Xx<y= Bx) < B(y). We will write p = p'if
B:pcp
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A mapping : X — X' is called an isomorphism
between p and p' (denoted by B: p = p'if B: p = p' and
B~': p = p'. Labeled partially ordered sets are called iso-
morphic (denoted by p = p") if IP: p = p".

Definition 2.5. A class of isomorphism of labeled
partially ordered sets is called a partially ordered mul-
tiset.

2.5. Structures of Events

Definition 2.6. A labeled structure of events is a
quadruple § = (X, <, #, [), where

(1)X=1{x,y, ...} is a set of events;

(2) << X X X is a strict partial order—a relation of
causal dependence satisfying the principle of the finite-
ness of causes: ¥x € X |dx| < oo;

(3) # € X X X is an irreflexive symmetric conflict
relation satisfying the principle of the conflict inherit-
ance: Vx,y, 7€ X x#y < z = x#z;

(4) I: X — Act is a marking function.

Let§=(X, <, # [)and &' = (X, <', #, I') be labeled
structures of events. A mapping 3: X — X' is called an
isomorphism between & and &' (denoted by B: § = £') if
B: (X, <, 1) =(X', <, I'Yand Vx, y € X x#ty = BX)#P().
Labeled structures of events & and &' are called isomor-
phic (denoted by § = &) if AB: £ = &'

Definition 2.7. A class of isomorphism of labeled
structures of events is called a multistructure of events.

2.5.1. C-processes. A C-process is a process based
on a C-net [3].

Definition 2.8. A C-net is an acyclic ordinary
labeled net C ={P, T, F, l-) such that

1.Vre Po|°r| £ 1 and |r*| £ 1, i.e, places do not
branch;

2. [V x| < oo, ie., the set of causes is finite.

Note that there is a labeled partially ordered set p.=
(Te, <y N (Te X T¢), L) corresponding to a C-net, C =
(P¢, Te, Fe, I ). The following property is fundamental
for C-nets [2]: if C is a C-net, then a sequence of tran-

sitions, °C = Ly > ... *~ [, = C° exists such that

LcP-(0<i<n)Pc=U:_yL,and Tc={vy, ..., v,}.
This sequence is called the complete execution of C.

Definition 2.9. Let a net N and a C-net C be given.
A mapping ©: P Tc — Py U Ty is called an embed-
ding of C into N (denoted by ¢: C — N) if

1. @(Pp) € M(Py) and O(Ty) € M(Ty), i.e., types of
net elements are preserved;

2.Vve T o(v) = @(*v) and (v)°* = @(v*), i.e., the
incidence relation is taken into account; and

3. Vve Tqld(v) = [(@(v)), ie., the label is pre-
served.

In view of the fact that embedding takes account of

7

the incidence relation, we find that, if °C ' ...
C° is a complete execution of C, then M = ¢(°C) 2~
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AL O(C°) = M isa sequence of transitions in N,
which is denoted by M &% M .

Definition 2.10. A pair © = (C, @), where C is a C-
net and ©: C — N is an embedding such that M =
©(°C), is called the C-process (process) feasible in the
marking M. A process feasible in M, is called the pro-
cess of N.

Denote by II(N, M) the set of all processes feasible
in the marking M of a set N and by TI(N), the set of all
processes of N. The initial process of N is a process

Ty = (Cy, @y) € TI(N) such that T = &. If T €
II(N, M), then the execution of this process transforms
the marking M into M=M- o(°C) + O(C°) = ©(C°)
(denoted by M > M).

Letn=(C,¢), & =(C, ) e II(N), and & = (C,
®) € TI(N, ©(C®)). The process 7 is called a prefix of
the process 7t if 7o T isasetin C closed to the left.
The process #t is called a suffix of the process 7 if T, =
T:\Tc. Then, T is an extension of T to the process #t,
and 7t is an extending process for , which is denoted
by m 2~ 7. We will write 1 — 7 if & such that
Jf s 1.

A process T is called an extension of Tt for one oper-
ation if 1 = 7, T, = {v}, and [,.(v) = a. This is
denoted by T —» T or T > 7.

A process T is called an extension of 7t for a multi-

set of operations or a step if AR, <p = D, T, =V,
and [ (V) = A. This is denoted by Y forn A= 1.

2.5.2. O-processes.

An O-process is a process based on an O-net
(branchy process in the terminology of [6]).

Definition 2.11. An O-net is an acyclic ordinary
labeled net O = (P, Ty, F, L) such that

1.Nre Py|*r| £ 1, i.e., there is no direct conflict;

2. Vx e Pyu Ty —(x#yx), ie., the conflict relation
is irreflexive; and

3.Vxe Py T, |dox| <o ie., the set of causes is
finite.

Note that, to any O-net, O = (P, Ty, Fy, 1), the
labeled structure of events &, = (T, <o N (T, X Ty),
#oN (T, % Tp), Iy can be assigned.

Definition 2.12. Let O ={P, T,, F, l,) be an O-net
and N = (Py, Ty, Fy, ly, My) be a net. A mapping -
Py U T,— Py Tyis called an embedding of O into
N (denoted by y: O — N) if

1. y(P,) € M(Py) and y(T,) € M(Ty), i.e., types of
nets elements are preserved;

No. 4 1998



EQUIVALENCE NOTIONS APPLIED TO DESIGNING CONCURRENT SYSTEMS

2. Vve Tyly(v) = [\ (y(v)), ie., the label is pre-
served;

3. Vve Ty y(v) = y(°v) and y(v)* = y(v°), ie.,
the incidence relation is taken into account; and

4. NYv,we Ty (Cv="w) A (Y(v) =yWw)) = v=w,
i.e., there are no “extra” conflicts.

Definition 2.13. A pair © = (O, ), where O is an O-
net and y: O — N is an embedding such that My =
W(°0), is called an O-process of the net N.

Denote the set of all O-processes of N by g (N). The
initial O-process of N is identical to the C-initial pro-
cess; i.e., My = Ty.

Let® = (0, ), ® =(0, ) e @(N). The O-pro-
cess O is called the prefix of the O-process ® if T, C
T, is aset closed to the left in O . Then, @ is called an
extension of the O-process @, which is denoted by
®— ©.Letn=(C, 9) € TIV) and ® = (O, y) €
# (N). A C-process ® is called an evaluation of the O-
process @ if T, c T, is a configuration in O.

An O-process @ of a net N is called maximal if
V& =(0, ¥) e @(N) such that & —= @, T \T, =
&. Denote by £ ,...«(N) the set of all maximal O-pro-
cesses of N. Note that ... (N) consists of the single O-
process of the form ®,,,,, = (O nax> Winax)- I this case, the
class of isomorphism of the O-net, O,,,, is called a
development of the net N, which is denoted by AU(N). A
multistructure of events, €(N) = &y ), which is the

class of isomorphism of the labeled structure of events
&, for O € AU(N), can be assigned to the development

U(N).

3. EQUIVALENCE NOTIONS

In this section, we consider both equivalence
notions for Petri nets that are known from the literature
and new equivalence notions.

3.1. Trace Equivalences

Trace equivalences take into account only the proto-
cols of the net operation and do not take into account
the nondeterministic choice between several extensions
of the process. For this reason, they are called equiva-
lences of linear time.

Definition 3.1. An interleaving trace of a net N is a
sequence a...a, € Act* such that Ty > m; 2> ...
s ., where w; € TI(N) (1 < i < n). IntTraces(N)
denotes the set of all interleaving traces of N. Nets N
and N' are interleaving—trace equivalent (denoted by
N=; N) if IntTraces(N) = IntTraces(N').

Definition 3.2. A step trace of a net N is a sequence
A,.. A, € (M(Act)* such that Ty 21> 1, 220 .. 2

—
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nt,, where ©t; € TII(N) (0 <i < n). StepTraces(N) denotes
the set of all step traces of N. Nets N and N' are step—
trace equivalent (denoted by N =, N') if StepTraces(N) =
StepTraces(N').

Definition 3.3. A partially ordered multiset trace of
a net N is the partially ordered multiset p that is the
class of isomorphism of the partially ordered multiset
pcfor = (C, @) € II(N). We write p = p' if pc C P
where pc € p and pe- € p'. In this case, the partially
ordered multiset p is more parallel than p'. Pomsets(N)
denotes the set of all partially ordered multiset traces of
the net N. Nets N and N' are called trace equivalent on
partial words (denoted by N =,, N' if Pomsets(N)
Pomsets(N') and Pomsets(N') = Pomsets(N); i.e., for
each p' € Pomsets(N'), a pe Pomsets(N) exists such
that p C p', and vice versa.

Definition 3.4. Nets N and N' are called partially
ordered multiset trace equivalent if Pomsets(N) = Pom-
sets(N'); this is denoted by N =, N'.

Definition 3.5. The class of isomorphism of a C-net
C for m = (C, ¢) € II(N) is called the process trace of
N. ProcessNets(N) denotes the set of all process traces
of N. Nets N and N' are called process—trace equivalent
if ProcessNets(N) = ProcessNets(N'); this is denoted by
N=, N.

Epr

3.2. Ordinary Bisimulation Equivalences

Bisimulation equivalences take into account the
moment of nondeterministic choice between several
extensions of a process (branching). For this reason,
they are called branchy time equivalences.

Definition 3.6. A relation R < II(N) x II(N) is
called *-bisimulation between N and N', % € {inter-
leaving, step, on partial words, on partially ordered
multisets, process} (this fact is denoted by R: N =—
N, x € {i, s, pw, pom, pr}) if

1. ((my, Ty) € R;

2.(m,m)e R, t 2= 1,

(@)|Td =1, ifx=i;

(b) <C =@,if*=s;
s3It A 1, (1, T) e Rand
(@) pp & Pes If *=pw;

(®) pp = pes if x={i, s, pom};

) C=C,if=pr,

3. The same as item 2, but the roles of N and N' are
interchanged.

Nets N and N' are x-bisimulation equivalent, * €
{interleaving, step, on partial words, on partially
ordered multisets, process} if 3R: N =, N, % € {i,
s, pw, pom, pr}; this fact is denoted by N =——=, N
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3.3. ST-bisimulation Equivalences

To define ST-bisimulation equivalences, we intro-
duce the notion of an ST-process that represents states
of the net with nonzero time of transition actions.

Definition 3.7. An ST-process of a net N is a pair
(R, Tp) such that Ty, wp € TI(N), Tp 2> 1, and Vv,
we T, v<, w=ve T¢.

E E P

In this case, T is the process that has started execut-
ing, i.e., all actions of 7t started executing. The process
Ttp corresponds to the part of 7 that has finished exe-
cuting, and 1y, corresponds to the part being executed.
ST —II(N) denotes the set of all ST-processes of N, and
(mty, Ty) denotes the initial ST-process of N. Let (ng,
7p), (T, Tp) € ST — II(N). Then, we will write (T,
TCP) I (ﬁE’ &P) lchE —— ch and TCP —— ch'

ST-bisimulation equivalences take into account the
duration of transition actions assuming that transitions
that are executing at the moment take dibs from the
input places but do not yet put them into the output
places [7].

Definition 3.8. A relation R < ST — II(N) x ST —
TI(N") x B, where B = {BIB: Tc — T, n=(C, @) €
I[WNV), ' = (C, @) € TI(N)}, is called an *-ST-bisimu-
lation between N and N' (% € {interleaving, on partial
words, on partially ordered multisets, process}) (this is
denoted by R: N —= , o N', % € {i, pw, pom, pr}) if

]' ((TEN’ TEN)’ (TCN" 7.EN')’ ®) € gi;

2' ((TCE$ TEP)’ (TE;?’ Trf;J ), B) € % = B: pCE = pCIE and
B(TCP): Tc})’

3' (TCE’ TCP)7 (TC'E7 TCI'J )9 B) € %a (TcEa TEP) - (&E’
fp) =3B, (Rp, Tp): (my, Wp) —= (R, 7p), Bl =
B, (Rp, 7p), (Rp, 7p), B) € R, and if Tp =~ Ty,
T, - {p,y= B|Tc,then

@ Y"1 pc = Pe if * =pw;

(b) ¥: pc = pc if * € {pom, pr};

) C=C,if*x=pr;

4. The same as item 3, but with the roles of N and N'
being interchanged.

Nets N and N' are called %-ST-bisimulation equiva-
lent, % € {interleaving, on partial words, on partially
ordered multisets, process}, if IR: N ==, o+ N', x €
{i, pw, pom, pr}; this is denoted by N ==, ¢+ N'.

3.4. History-Preserving Bisimulation Equivalences

History-preserving bisimulation equivalences take
into account the past (history) of the net operation; i.e.,
modeling takes account of the part of the process whose
execution results in the current state.
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Definition 3.9. A relation R < TI(N) x II(N') x B,
where B = (BIB: Te — T, m=(C, 9) € IIN), ' =
(C', ¢) € II(N)}, is called a *-history preserving
bisimulation between N and N' (*x € {on partially
ordered multisets, process}) (this is denoted by R:
N =—,, N, x € {pom, pr}) if

1. (my, Ty, D) € R;

2.(n,n,B)e R=

(a) B: pc = pc if X € {pom, pr};
(b) C =C\ if % =pr;

3.(m,w,Be Rt —T7 23[3,1%':75'—»7?,
Bl, =B (&. 7. B)e %

4. The same as item 3, but with the roles of N and N'
being interchanged.

Nets N and N' are called %-history preserving equiv-
alent, % € {on partially ordered multisets, process}, if
AR: N ==, N, x € {pom, pr}; this is denoted by
N — %

3.4.1. Conflict preserving equivalences. Conflict
preserving equivalences take full account of conflicts in
nets.

Definition 3.10. Nets N and N' are called multi-
structure of events equivalent if €(N) = €(N'). This is
denoted by N =,,,, N'.

Definition 3.11. Nets N and N' are called O-process
equivalent if W) = W(N'). This is denoted by

occ

4. COMPARING EQUIVALENCES

In this section, we analyze relationships between
equivalence notions on the whole class of Petri nets.

Theorem 4.1. Let ~—, € {=, —=, =}and
*x, ¥x € {i, s, pw, pom, pr, iST, pwST, pomST, prST,
pomh, prh, mes, occ}. For nets Nand N', N ~—, N' =
N ~—— 4 N'ifand only if a directed route from ~——
to « i1 the graph depicted in Fig. 1 exists.

Proof. < Let us verify that all implications in Fig. 1
are valid.

(1) Relationships between trace and interleaving
equivalences are consequences of the fact that isomor-
phism of labeled partially ordered sets with the empty
precedence relation is isomorphism of one-element
labeled partially ordered sets.

(2) Relationships between partial words and step
equivalences are consequences of the fact that homo-
morphism of labeled partially ordered sets is isomor-
phism of labeled partially ordered sets with the empty
precedence relation.

(3) The relationship =—= , ¢ —= ===;57 is the
consequence of the fact that homomorphism of labeled
partially ordered sets is a label-preserving bijection.

(4) Relationships between equivalences on partially
ordered multisets and on partial words are conse-

No. 4 1998



EQUIVALENCE NOTIONS APPLIED TO DESIGNING CONCURRENT SYSTEMS

quences of the fact that isomorphism of labeled par-
tially ordered sets is a homomorphism.

(5) Relationships between process equivalences and
equivalences on partial words are consequences of the
fact that labeled partially ordered sets based on C-iso-
morphic nets are also isomorphic.

(6) The relationship =,,, — =,,, is valid because
multistructures of events of isomorphic O-nets are
identical.

(7) The relationship =—; — =; can be verified as
follows. Let R: N ~——; N. If m;y >, 2> ... %»
T, then a sequence (T, Ty), (T, T} ), ..., (T, T, ) € R

7]

exists such that my > m; “2> ... %> 1., and vice
versa, by virtue of the symmetry of bisimulation.

(8) The relationship =—=; — = can be validated
similarly to the previous item by using A, ..., A, €
M(Act) instead of a,, ..., a, € Act.

(9) The relationship »w — =p,can be proved

as follows. Let R: N =, N' and p be the class of

P —

isomorphism p for © = (C, ¢) € I1(N). Since Ty —~ T,
apair (1, ') € R exists such that ' = (C', ¢') and p- =
pc- If p' is the class of isomorphism p, then p' = p.
Hence, Pomsets(N') = Pomsets(N). The inclusion Pom-
sets(N) = Pomsets(N') can be proved similarly by using
the symmetry of bisimulation.

(10) The relationship ~—,,, — =,,, can be
proved as in the previous item by using isomorphism of
labeled partially ordered sets instead of homomor-
phism.

(11) The relationship === ,, —= =,, can be proved
as in the previous item by using process traces instead
of partially ordered multiset traces and isomorphism of
C-nets instead of the isomomorphism of their labeled
partially ordered sets.

(12) The relationship =—= ¢ —> ==,, * €
{pw, pom, pr} can be proved by constructing on the
basis of the relation R: N =—, . N a relation
S: N ==, N'defined as S = {(%, ) |3 ((%, ), (', ),
Be R).

(13) The relationship =—=,;; — ==, can be val-
idated in the same way as in the previous item taking
into account the fact that the sequence of ST-processes

(T, ), ..., (T, ), ..., (T, T,) such that T =1, > ...

. ;. = 7 corresponds to the step T —~» 7, where
A={a, ...,a,} € M(Act).

(14) The relationships ==, , — ==, ¢,, X €
{pom, pr} can be proved by constructing, on the basis
of the relation R: N =—,, N, arelation S: N =—, .,

N' defined as S = {((7tz, Tp), (Tp, Tp ), B (T, Ty, PB) €
R, (M, 7p) € ST — TI(N), (ns, ©p) € ST — TIN),
B(Tc,)= TC;, ).
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=pom

<
=

Fig. 1. Relationships between equivalences.

(15) The relationship =, === ,omn 18 proved
as follows. Let @ = (O, ¥) € 0 1a(N), ®' = (0, Y') €
PN, 7: € = Ep. Then, R: N =— ., N', where
the relation R is defined as follows: R = {(rn, 7', B)|%
is a calculation of @ and 7' is a calculation of @' such

that Y|, : pc=pe. B= 7], ).

(16) The relationship =,., — === ,,,, is proved as
follows. Let @ = (O, Y¥) € £.,,N), ® = (0, y') €
P (N, v: O = O'. Then, R: N =—= ,,, N', where the
relation R is defined as follows: R = {(%, ', B)|mis a
calculation of @ and 7' is a calculation of @' such that

Y|(PCUTC): C=0C, B: YlTC }.

(17) The relationship = — =, .. is a consequence of
the fact that isomorphic nets have identical develop-

ments.

—

= The absence of additional nontrivial relation-
ships in Fig. 1 can be proved by the following exam-
ples.

(1) In Fig. 2a, N =, N, because only in N =, N'
actions a and b cannot execute concurrently.

(2) In Fig. 2¢, N == 57 N, but N #,,, N', because a
partially ordered multiset corresponds to N such that
even the more parallel partially ordered multiset cannot
execute in N'.

(3) InFig.2b, N =—
b can depend on a in N'.

(4) InFig. 2d, N=,,,N',but N #, N', because the C-
net N' is not isomorphic to the C-net N (due to the addi-
tional output place).

(5) InFig.2e, N=,, N',but N ==, N', because, only
in N', can the action a be executed in such a way that
prevents the action b from executing.

(6) In Fig. 3a, N o N, but N ==;5; N,
because, in NV, the action a can start executing in such
a way that no action b can start until a terminates.

swst N, but N=,,. N', because

-
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(a) (b)
@] [b] @] [6] "]
Z, = pon
O ®

4]

N (? N (o)
= =pr
[a]  "[4] 4] 4] 4]
Z, &
" O O ON®
0] b]
Fig. 2. Examples of equivalences.

N @-a}-O
(4] (®

@ N(o

7

PistT

(C) N t)prh
@] 5 [a] [4]

mes

Fig. 3. Examples of equivalences (continuation).

(7) In Fig. 3b, N =— 57 N, but N == ., N,
because only in V', a and b can be executed in such a
way that the next action ¢ necessarily depends on a.
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(8) In Fig. 3¢, N =— ,,, N', but N #,,,, N', because
a labeled structure of events with two conflicting
actions a corresponds to N'.

(9) In Fig. 3d, N=,.. N', but N + N, because never
acting transitions of the nets N and V' are labeled by dif-
ferent actions (a and b).

O

5. COMPARING EQUIVALENCES
ON SEQUENTIAL NETS

In this section, relationships between the equiva-
lences introduced are analyzed on sequential nets,
where concurrent transitions cannot act concurrently.

Deﬁnition 5-1. A net N = <PN’ TN’ FN’ lN, MN> is
called sequential if VM € Mark(N) —3t, u € Ty: °t +
*u C M; i.e., no two transitions can be feasible together
in any attainable marking.

Proposition 5.1. For sequential nets N and N', the
following holds:

I.LNsNeoN=,, N and

2N=—=, NoN=z=—,,, N.

Proof. 1. &= By Theorem 4.1.

= Let N =; N'; then, IntTraces(N) = IntTraces(N').
To prove that N =,,,, N, it suffices to prove the equality
Pomsets(N) = Pomsets(N'"). It is obvious, since Pom-
sets(N) and Pomsets(N") are linearly ordered multisets
(chains) and a one-to-one correspondence between
IntTraces(N) and Pomsets(N) (IntTraces(N') and Pom-
sets(N'), respectively, exists.

2. Can be proved by using Proposition 5.4 from [4].

Theorem 5.1. Let ~—, € {5, =—, =} and
*, %% € {i, pr, prST, prh, mes, occ}. For sequential
nets Nand N ~—, N = N ~——,, N'ifand only ifa
directed route from ~—~, to ** in the graph

*k
depicted in Fig. 4 exists.

Proof. &= By Theorem 4.1.

= The absence of nontrivial relationships in Fig. 4
can be proved by the following examples on sequential
nets.

(1) In Fig. 2d, N=,,, N, but N #,. N'.

(2) In Fig. 2¢, N=,, N', but N ==, N'.

(3) In Fig. 5a, N = ,, N, but N =, v N,
because in N', a process ¢ with the action a can start
executing in such a way that it can be extended to the

process with action b in only one way (i.e., the extended
process is unique).

4) In Fig. 5b, N = 57 N, but N ==, N,
because only in N', a process with actions a and b exists
such that it can be extended to a process with action ¢
in only one way (i.e., in such a way that there is only
one kind of link of the C-net containing the action ¢
with the subnet of the C-net with actions a and b that
contains action a).

(5) In Fig. 3¢, N ===, N, but N #,,,, N.
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(6) InFig.3d, N=,.,. N,but N+ N. O

6. PRESERVING EQUIVALENCES
UNDER REFINEMENT

In this section, we verify whether the equivalence
notions are preserved under the refinement operation,
i.e., when going to a lower level of abstraction.

Deﬁnition 6.1. A net D = <PD7 TD, FD7 lD, MD> iS
called an SM-net if

1. Elpin’ Pou € PD such thatpin 75puut and °D = {pin}’
D°={p,.}; i.e., D has a single input place and a single
output place;

2. Mp={p;,} and VM € Mark(D) (p,,,€ M= M =
{Pou}); i€, there is the single dib p,, at the beginning
and the single dib p,,, at the end;

3. p; and °p,,, are ordinary sets (not multisets);
i.e., p;, (respectively, p,,,) represents the set of all dibs
consumed (respectively, created) for any refined transi-
tion;

4.Nte Ty %t =1t°]| = 1, ie.; there is exactly one
input and one output place.

Definition 6.2. Let N = (Py, Ty, Fy, Ly, My) be a net,
a € I\(Ty), and D ={Pp, Ty, Fp, I, M) be a SM-net.

SM-refinement is (up to isomorphism) a net, N = (Py,
Ty, Fy, ly, My), denoted by ref(N, a, D), such that
1. Py = Py (. 0)lp € PoMpis ot} € Iy (@)
2. Ty = (T\ly (@) U {{ wlte Tp,ue Iy (@)
3. F (% 7)

FyE ). %5 € Py U (T (@)

Fp(x,y),

Y Fa, w),

FN(”) .)_7)’
0, otherwise;
{l,v(u), e T\ (a)

Ip(1), @ = {t,u), 1€ Tp, ue ly(a);

My(p), pe Py

0, otherwise.

(xu), 5 = {y,u), ue ly(@)

=i
1l

= (y,u), X € *u,uc ly@,ye p,

<
|

={x,u),ye u,uc l,_vl(a), XE *Dyus

=1

4. 1() =

5.MN(p)={

A net equivalence is said to be preserved under
refinements if equivalent nets remain equivalent after
any refinement operator is simultaneously applied to
them.

Proposition 6.1. The equivalences =4, * € {i, s}
and ==, , **x € {i, s, pw, pom, pr} are not pre-
served under SM-refinements.
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Fig. 4. Relationships between equivalences on sequential
nets.

<jpr
/gl @pomh ,@\
Q_L)prST
2 § DO
N (o)
4]
SprST
‘ <:[;pomh ‘
(7_L>prh

O O®

Fig. 5. Examples of equivalences on sequential nets.

mes

Proof.

(1) InFig. 6, N == _ N' but ref(N, c, D) #, ref(N', c,
D), because the set of actions c,abc, can be executed
only in ref(N', ¢, D). Hence, no equivalences between =
and =—_ can be preserved under SM-refinements.

(2) In Fig. 7, N = ,, N' but ref(N, a, D) ==,
ref(N', a, D), because only in ref(N', a, D), the action b
cannot be executed after a, has executed. Hence, no
equivalences between =-; and can be pre-
served under SM-refinements.

Let us find which net equivalences are preserved
under SM-refinements.

-

pr
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Fig. 6. Equivalences between =; and =—_ are not pre-
served under SM-refinements.

N

29
/
6] [#]

ref(N, a, D)

pr are not

and =——

Fig. 7. Equivalences between =——
preserved under SM-refinements.

i

Proposition 6.2. Let x € {pw, pom, pr}. For the
nets N = (Py, Ty, Fy, Iy, My) and N' = (P, Ty, F, Ly,
My) such that a € L(Ty) N Ly(Ty) and for the SM-net
D ={(Pp, Ty, Fp, I, M) the following holds: N=, N' =
ref(N, a, D) =, ref(N', a, D).

PROGRAMMING AND COMPUTER SOFTWARE  Vol. 24

Proof. Let N = ref(N, a, D) and N' = ref(N', a, D).
Note that C-nets of the processes of SM-nets are simple
chains, i.e., nets where each node has exactly one pre-
decessor (except for the unique input place) and exactly
one successor (except for the unique output place).

Construction (*)

l.Let @ =(C, ®) € II(N). Then, any node C that
is not mapped into the set Py U Ty by the embedding
function possesses the following properties:

(1) it has the form {e, f), (e € Pc, U T¢ ,Tp=(Cp,
©p) € TI(D) and f e T, m = (C, @) € TI(N)), and is
mapped by the embedding function to the element of
the form (x, u), x € Tpy U (PP Pour)) u € Iy (a);

(2) it has the single predecessor {e,;,, f) mapped by
the embedding function to {(7,,n, U, tin € Pl

(3) it belongs to the single maximal chain & (which
corresponds to the net Cp) beginning at {e,;,, /), whose
all nodes are mapped to elements of the form (y, u), y €
Tp O (Pp\Mpin» Pou}), and whose only links with the
process environment are as follows:

e through input places (e, /) (always);

e (a) through output places of the maximal node of
the chain {e,,,, f), which is the transition mapped to
(tmax> #) by the embedding function t,,,, € *p,,,;

(b) or the chain terminates earlier at the maximal
place.

Hence, any such chain ¥ included into net C can be
changed for:

(a) the transition f mapped to u# by the embedding
function, because they have identical inputs and out-
puts;

(b) the transition f, mapped to u by the embedding
function, with new output places corresponding to u,
because they have identical inputs and there is nothing
after f (in this case, fis the maximal transition).

As aresult, we obtain the process = (C, @) € II(N).

2.Since N=, N, x € {pw, pom, pr}, we can choose
' =(C', ¢") € TI(N') and [ such that

(D) B pe c pes if * = pw;

(2) B: pc = pe» if * = pom;

B)B:C=C,if x=pr.

3. For any chain ¥ constructed in this way, change
in C' the transition B(f) embedded into u' for the copy

¥' of ¥, where all nodes of the form (e, f) are changed
for (e, B(f)). The following two cases are possible:

(a) if the chain is complete, then B(f) and ¥' have
identical outputs (from u');

(b) if the chain is incomplete (terminates at a place),
then we discard all output places of B(f).

In both cases, B(f) and ¥' have identical inputs (in u').
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It is clear that the object constructed is the process
T =(C,¢)e II(N).

4. Let g € T¢. Define the mapping B as follows:

B(g) = B(g), g isincluded in none of the chains;
(e, B(Y)), g = (e, f) is included in chain ©.

O (Construction (*))

It remains to prove the following assertions:
-1

(M B :pe cpeif x=pw;

2) B: Pe = Pe» if * =pom;

3)B:C =C,ifx=pr

Consider the case * = pw (the cases * = pom and
* = pr are simpler). Let g, h € T. The following five
cases are possible:

1. g and A are included in none of the chains;

2. g is included in a chain ¥, and 4 is included in
none of the chains;

3. g is included in none of the chains, and 4 is
included in a chain 9;

4. g and h are included in one and the same chain U;

5. g isincluded in a chain 9, 4 is included in a chain
192, and ﬁl * 'ﬂz.

Consider case 3, since cases 14 are simpler. In this
case, g = (e, f1) and h = {e,, f,) where ¢; € T and
e, € T, for mp = (Cpy, Op1), Tpy=(Cpy, @) € II(D),
fi.fo € Tefort=(C, @) € II(N), f; and f, are refined in
C into different chains 9, and ,, respectively. We have

B(®) <z~ B = Ben i) <4 Ben £2)) = (by

definition of B) (e,, B()) <& (e, B(f)) = (because

the chains are linked to the process environment only
through their minimal and maximal transitions) (€.

B()) <& {emina» B(f)) = (by the construction (*))
B(f) <c [}(fz) = (since B pe = po) fi <cfo = (by the
construction (*)) <emax]’fl> <C~ <emin27 f2> = <el’f1> <C~
<eZ$.fZ> = 8 <6 h O

Proposition 6.3. Let x € {i, pw, pom, pr}. For nets
N= <PN’ TN’ FN’ lN’ MN> andN = <PN" TN’ FN" lN" MN>
such that a € Li(Ty) N Ly(Ty) and for SM-net D = {P),,
Tp, Fp, Ip, Mp), the following holds: N =, ¢, N' =
ref(N’ a, D) = ¥ ST ref(N, a, D)

Proof. Let N = ref(N, a, D), N' = ref(N, a, D) and
R:N — 4oy N', x € {i, pw, pom, pr}.
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Construction (**):

1.Let (R, ®p) e ST-TI(N) and ©tz, 7p € TI(N) be
obtained from T, and T, by using part 1 of the con-
struction (*) from Proposition 6.2, respectively.

Lemma 1. (ntg, wp) € ST - II(N).

Proof of Lemmal.Letg,he T andg <c, h.The
following four cases are possible:

@) lc, (&) #a#lc, (h);

() le, (@) =a# ¢, (h);

(© I, (&) #a= 1 (h);

(d) lCE () =a= lcE (h).
Consider case (d), since cases (a)—(c) are simpler. In

this case, g and & are refined in Cr into different chains
¥, and O, with nodes of the form (e, g) and {e,, h),
respectively, where e, € T ande, € T  for @y, =

(Cp1 Pp1), T = (Cpy, Ppp) € TI(D). We have g <e: h=
(by the construction (*)) {€yaxi> &) <z, (emim> h) =
(since (g, Tp) € ST —TI(N), and (e, h) € T,)
(emax1> 8) € Tg, = (by the construction (*)) g € Tg, .
O (Lemma 1).

2. Choose (T, mp) € ST — TI(N') and B such that

(g, p), (T, Tp), B) € R.

3. Obtain T, Tp € [I(N' from T, and T, , respec-
tively, by using part 3 of the construction (*) from Prop-
osition 6.2.

Lemma 2. (T, Tp) € ST-TI(N").
Proof of Lemma 2. Let g', h' € T, and g' < & h'.
The following five cases are possible:

(a) g' and &' are included in none of the chains;

(b) g'is included in a chain ', and /' is included in
none of the chains;

(c) g' is included in none of the chains, and /' is
included in a chain ¥';

(d) ¢' and /' are included in one and the same chain
V'

(e) g'is included in a chain O, A' is included in a
chain 9, , and O, # 0,.

Consider case (e), since cases (a)—(d) are simpler. In
this case, g' = {e;, f,) and h' = {e,, f,), where e, €
Tc, and ey € Tc  for mp; = (Cpyr, Ppy), Tpy = (Cpy,
o) € TID), f1, fr € T form'=(C,¢)e W), f,
and f, are refined in C"z into different chains ¥, and

¥, , respectively. We have g' <g, "= ler, f1) <e, (e,,
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f2) = (because the chains are linked to the process
environment only through their minimal and maximal
transitions) {€,.x1» f1) <¢, (Cminzs f 5 ) = (by the con-

struction (*)) f, <. f, = (since (n;, mp) € ST -

B(g) =

TARASYUK

[N f € TC'p = (by the construction (*)) g' = (e,
fi1)e Tg, .0 (Lemma 2).

4.Let g € Tt .Define the mapping B as follows:

= B(g), if g included in none of the chains;
(e, B(f)), g = (e, f) isincluded in a chain 9.

O (Construction (*%*))

Let S consist of elements of the form ((Tg, Tp),
(T, p)s B, (g, ), (s ), B) € R We prove
that S: N =—, N'.

1. Evidently, (15, Ty ), Ty, Ty, D) € S.

2. Let (g, ®p), (Tp, ®p), P) € S. It is apparent

that by the construction (**) [_3: Pe, = Pg, and

Ck
B(T¢,) = T, because B(T¢,) = T, .

3. Let (T, Tp), (T, Wp), P) € S and (T,
p) — (R, Tp).

The element (T, &), (T, Ty ), P) is obtained by
construction (**) from the element (T, Tp), (T, Tp ),
B) € R. By part 1 of construction (**), we obtain (T,
) e ST-TI(N) from (Tz, 7p ). Evidently, (7, Tp) —
(Tg, Tp). Since R: N ==, o N, x € {i, pw, pom,
pr}, we have that EIB, (T, Tp) such that B|T =B,
(TE'E’ TEI'D) - (ﬁ.”Ev T}']’) )’ and ((ch’ ch)’ (ﬁ%, fc}’ )’

B) e R. According to parts 3 and 4 of the construction
(**), we obtain (Ty, Ttp) € ST — II(N) and B from

(%}, 7tp) and B, respectively.

Lemma 3. (7iz, Tp), (g, Tp), B) € S.

The Proof of Lemma 3 is evident from construc-
tion (**). O (Lemma 3).

Lemma 4. B‘Tf = B. 0 (Lemma 4).

Proof of Lemma4.Letg e T . Two cases are pos-
sible:

(a) g is included in none of the chains;

(b) g is included in a chain 9.
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Consider case (b) (case (a) is trivial). In this case,
g={e,f), where e e T forn,=(Cp, ¢p),f€ Tcfor
1t = (C, @) € II(N), and f are refined into the chain ¥ in

Ci. We have B (e, f)) = (e, B (f)) = (since fe T, and

B|Tc =B, (e, B()) = (by definition of B) B ({e, f)). O
(Lemma 4).

Lemma 5. (R, Ty) —= (g, Tp).

Proof of Lemma 5. The proof follows from the fact

that (T, Tp) —= (T;, Tp)' and the construction (**).
O (Lemma 5).

Remark 1. Since B‘é = B by Lemma 4, and it fol-
lows from (7, ip) € ST—TI(N) that B(T¢) = T¢, ,

we have B(TEE\TCP) = TéL\Ta» .Hence, B(T;) = T¢.
O (Remark 1).

Remark 2. Since it follows from fe T, that (e, f)
€ T¢,.then{e, f) & T, impliesf¢ T, . Hence, (e,
f) e TéE\TCp = T¢ implies f € T \T¢, = Tc. O
(Remark 2).

It remains to prove the following propositions:

jady |
(B :pe cpe.if k=pw;

2) B: pe = pa. if * = {i, pom, pr};
3)C =C,if x=pr.

Consider the case * = pr, since the case * = pw can
be considered as in Proposition 6.2, and the case * =

pom is simpler. First, we should prove that [_3: Pe =

P& - This can be done similarly to the proof of the case
* = pw of Proposition 6.2 with all implications changed
for symbols “equivalent.”

Now we can prove that C = C'. Since %R:
N =—= .o N', we have Jo: C = C'. Then, the mapping

prS
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0.: C = C' can be obtained from o as follows. Let g € Pz U T;. Then,

8(g) = o(g), if g isincluded in none of the chains
(e, 0(f)), g = (e, f) is included in a chain .

4. The same as item 3, but the roles of N and N' are
interchanged.

Proposition 6.4. [4] For nets N = (Py, Ty, Fy, Ly,
M) and N' = (Py, Ty, Fy, Ly, My) such that a €
L(Ty) N I(Ty) and for the SM-net D ={Py,, Ty, Fp, L5,
Mpy), the following is valid: N =—= ,,,.,, N' = ref(N, a,
D) =~ .., ref(N', a, D).

Proposition 6.5. For nets N = (Py, Ty, Fy, ly, My)
and N' ={Py, Ty, Fy, Ly, My) such that a € L(Ty) N
I\(Ty) and for the SM-net D ={Py,, T, Fp, I, M), the
Jollowing is valid: N = ,,, N' = ref(N, a, D)
ref(N', a, D).

-—

prh

Proof. It is sufficient to observe that the construc-
tion that transforms the bisimulation relation on
original nets into the relation on refined nets (this
construction was used in the proof of Proposition 8.5
in [4]) preserves isomorphism of C-nets of pro-
cesses.

Proposition 6.6. Let x € {mes, occ}. For nets N =
(Pys Ty, Fy, Ly, My and N' =Py, Ty, Fyy, Ly, M) such
that a € I \(Ty) N Iy(Ty) and for the SM-net D = (P,
Tp, Fp, I, Mp), the following is valid: N =, N' = ref(N,
a, D)=, ref(N', a, D).

Proof. Let N = ref(N, a, D) and N' = ref(N, a, D).
Note that O-nets of O-processes of SM-nets are trees,
i.e., such nets where any node has exactly one prede-
cessor (except for the unique input place).

Construction (*¥*%*)

1.Let ® =(0, ¥) € ,,(N). Then, each node O
that is not mapped by the embedding function into the
set Py Ty possesses the following properties:

(1) has the form (e, f) (e € Py, U T , ®p = (Op,

WD) € (@max(D)’ andfe TO’ O = (0’ W) € pmax(N)) and
is mapped by the embedding function to the element of

the form <-x’ M>’ X € TD o (PD\{pim p(mt})’ ue l]_Vl (Cl),

B(g) =

(2) has the unique predecessor {e.... , f) (1 < i < n)
that is mapped by the embedding function to (f.,;, , u),

i e .
tmin € Pins
(3) belongs to the unique maximal tree ¥ that is a

member of the set of trees &= (] _, o' corresponding

to the net O, begins at (e, ., , f), all nodes of which are

mapped by the embedding function to elements of the
form (y, u), y € T, U (Pp\{Pin» Pous})> and whose only
links with the process environment are as follows:

(1) through input places (e. . , f) (always);
(2) through output places of the maximal nodes of
the tree (e, , f) (1 <j < m), that are the transitions

mapped by the embedding function to (¢, , u), 1’ €
*Pout-
Note thatall e (1 <i<n)have identical links with

the process environment (as all e’ (1 <i<n, 1<j<
m)). Hence, any such set ¥ included in the net O canbe
changed for the transition f that is mapped to u by the
embedding function, because they have identical inputs
and outputs. As a result, we obtain the O-process ® =
(0, ¥) € @iV

2. Since N =4 N, x € {mes, occ}, we can always
choose @' = (0, ¥') € £,,.<(N") and B such that

() B: &y = &y, if x = mes;

(2)B: 0 =0, if x = occ.

3. For the ¥ constructed by the method described
above, change in O' the transition B(f) that can be
embedded into u' for a copy ¥ of the set of trees ¥,
where all nodes of the form (e, f) are changed for (e,
B(f)). Then, B(f) and ¥' have the same outputs (from u')
and inputs (to u').

It is clear that the constructed object is the O-pro-

cess ®' = (0", §') € @nu(N).
4. Let g € T . Define the mapping B as follows:

B(g), if g is included in none of the set of trees

(e, B(f)), g = (e, f) is included in the set of trees ¥.

PROGRAMMING AND COMPUTER SOFTWARE  Vol. 24

No. 4 1998



174

-

Fig. 8. Equivalence preserving under SM-refinements.

0 (Construction (**%))

It remains to prove the following propositions:

N E &5 = &5, if x = mes;

(i) B: 0 = 0',if x = occ.

Consider the case * = mes, since the case % = occ is
simpler. Let g, h € T. The following five cases are
possible:

1. g and A are included in none of the sets of trees;

2. g is included in a set of trees ¥, and 4 is included
in none of the sets of trees;

3. g is included in none of the sets of trees, and 4 is
included in a set of trees J;

4. g and h are included in one and the same set of
trees ¥;

5. g is included in a set of trees U, & is included in
a set of trees ¥,, and ¥, # V.

Consider case 3, since cases 14 are simpler. In this
case, g = (e, fi) and h = {e,, f>), where ¢, € T, ~and
e, € Ty, tor ®p, = (Op1, Wp1), Bpy = (Opy, Wpy) €

(@(D)’fl’ﬁ € TO for o= (0’ \Il) € SO(N)’fl andj-Z are
refined in O into different sets of trees ¥, and O,,

respectively. We prove that the precedence and conflict
relations are preserved.

(1) g <5 he e, f1) <5 {ex f) < (because ¥, and

U, are linked to the process environment only through
their minimal and maximal transitions, and all minimal
(maximal) transitions have identical links to this envi-

ronment) Vi, j, k <€gax1 S0 <5 <er];in2 . f») & (by con-
struction (*¥**)) f; <, f, & (because B: &, = &)
B(f) <o B(f,) & (by construction (**%)) Vi, j, k

(emant > BE) <5 (emmas BI) & (er BADY <5 {ean
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B(f)) < (by definition of B (B (e, fi) <5 B(exfa) &
BG) <5 B

(2) g#5h < ey, [1)#;{ea fr) & (because ¥, and O,
are linked to the process environment only through

their minimal and maximal transitions, and all minimal
(maximal) transitions have identical links to this envi-

ronment) Vi, k (eininl J#S (el];inz ,J>) < (by construc-

tion (¥#%)) fi#f> & (because B: &, = E) B(F)#oB(f) &
(by construction (¥¥%)) Vi, k epint » BU)#5 (€mina -

B(H)) < (e, Bif))#y (e2, B(f2)) < (by definition of B)

B e fid#s B(en ) & B(#s B(h).O

Proposition 6.7. For nets N = (Py, Ty, Fy, Ly, My)
and N' =Py, Ty, Fy, Ly, My) such that a € L(Ty) N
Iy(Ty) and for the SM-net D =Py, Tp, Fp, I, M), the
following is valid: N = N' = ref(N, a, D) = ref(N', a,
D).

Proof. The proof is evident.

Theorem 6.1. Let ~—— € {=, =, =} and % € {i,
s, pw, pom, pr, iST, pwST, pomST, prST, pomh, prh, mes,
occ}. For nets N = (Py, Ty, Fy, Ly, My) and N' = (P,
Ty, Fy, Ly, My) such that a € L\(Ty) N Ly(Ty) and for
the SM-net D = (Pp, Tp, Fp, I, Mp), the following is
valid: N <, N'= ref(N, a, D) ~——, ref(N', a, D) if
and only if the equivalence ~——, is enclosed in an
oval in Fig. 8.0

Proof. Can be performed by using Propositions
6.1-6.7.

7. CONCLUSION

In this paper, a group of basic behavioral equiva-
lences is analyzed and augmented by new notions that
can be used to analyze systems modeled by Petri nets at
various levels of abstraction.

The main result of the paper consists in establishing
relationships between equivalence notions both on the
whole class of Petri nets and on the subclass of sequen-
tial nets. For all equivalences considered, it is verified
whether they are preserved under SM-refinements.
Thus, we can use equivalence notions that are pre-
served under SM-refinements for designing concurrent
systems by the top-down method.

Let us describe some lines of further investigations.

One such line is aimed at obtaining the complete
description of relationships between equivalences on
strictly labeled nets (all transitions are labeled by dif-
ferent actions) and on T-nets (without conflicting tran-
sitions). Note that the author has proved that some
equivalences are identical on these two subclasses of
Petri nets [13, 14].

We also intend to extend the field of investigations
to the nets with t-transitions (that are labeled by invis-
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ible t-actions). Since this is a wider class of nets, it is
possible that some relationships between equivalences
cease to exist on this class. For example, it has been
shown in [15] that ST-equivalences and history-pre-
serving equivalences are independent on the structures
of events with T-actions.

Another line of investigation consists in the analysis
of bisimulation equivalences of places [2]. We are
going to compare them with equivalence relations con-
sidered in this paper (for example, relationships
between bisimulation place equivalences and ST bisim-
ilation history-preserving equivalences are not known
to date). Besides, it is reasonable to verify whether
bisimulation place equivalences are preserved under
refinements in order to find out whether it is possible to
use them for designing multilevel concurrent systems.
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