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Abstract. The paper is devoted to the investigation of behavioural
equivalences for Petri nets with silent transitions. Basic T-equivalences
and back-forth 7-bisimulation equivalences are supplemented by new
ones, giving rise to complete set of equivalence notions in interleaving
/ true concurrency and linear / branching time semantics. Their interre-
lations are examined, and the preservation of all the equivalence notions
by refinements is investigated.
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1 Introduction

The notion of equivalence is central in any theory of systems. It allows to compare
systems taking into account particular aspects of their behaviour.

Petri nets became a popular formal model for design of concurrent and dis-
tributed systems. One of the main advantages of Petri nets is their ability for
structural characterization of three fundamental features of concurrent compu-
tations: causality, nondeterminism and concurrency.

Silent transitions are transitions labelled by special silent action 7 which
represents an internal activity of a system to be modelled and it is invisible for
an external observer.

Equivalences which abstract of silent actions are called 7-equivalences (these
are labelled by the symbol ‘7’ to distinguish them of relations not abstracting
of silent actions). The following basic notions of T-equivalences are known from
the literature.

— T-trace equivalences (they respect only protocols of behaviour of systems):
interleaving (=7) [7], step (=) [7], partial word (=],) [10] and pomset
(Spom) [7].

— Usual T-bisimulation equivalences (they respect branching structure of be-
haviour of systems): interleaving («7) [7], step (<) [7], partial word (7,,)
[10] and pomset (27,,,) [7]-
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— ST-r-bisimulation equivalences (they respect the duration or maximality
of events in behaviour of systems): interleaving (<7¢r) [10], partial word
(ﬁ;wST) [10] and pomset (—pomST) [10]

— History preserving T-bisimulation equivalences (they respect the “past” or
“history” of behaviour of systems): pomset (<7,,,,,) [7].

— History preserving ST-T-bisimulation equivalences (they respect the “his-
tory” and the duration or maximality of events in behaviour of systems):
pomset ( pothT) [7]

— Usual branching T-bisimulation equivalences (they respect branching struc-
ture of behaviour of systems taking a special care for silent actions): inter-
leaving («7,,.) [7]-

— History preserving branching T-bisimulation equivalences (they respect “his-
tory” and branching structure of behaviour of systems taking a special care
for silent actions): pomset history preserving (<7 ,.n6,-) [7]-

— Isomorphism (=) (i.e. coincidence of systems up to renaming of their com-
ponents).

Another important group of equivalences are back-forth bisimulation ones which
are based on the idea that bisimulation relation do not only require systems to
simulate each other behaviour in the forward direction but also when going
back in history. They are closely connected with equivalences of logics with past
modalities.

These equivalence notions were initially introduced in [6]. On transition sys-
tems with silent actions it was shown that back-forth variant («7,;;) of inter-
leaving T-bisimulation equivalence coincide with <7, .

In [4] the new variants of step, partial word and pomset back-forth bisim-
ulation equivalences were defined in the framework of event structures without
silent actions.

In [8] the new idea of differentiating the kinds of back and forth simulations
appeared. The set of all possible back-forth equivalence notions was proposed in
interleaving, step, partial word and pomset semantics for event structures with-
out silent actions. The new notion of 7-equivalence was proposed for event struc-
tures with silent actions: pomset back pomset forth («» ) T-bisimulation
equivalence. Its coincidence with <7, was proved.

To choose most appropriate behavioural viewpoint on systems to be mod-
elled, it is very important to have a complete set of equivalence notions in all
semantics and understand their interrelations. This branch of research is usually
called comparative concurrency semantics. Treating equivalences for preservation
by refinements allows one to decide which of them may be used for top-down
design.

Working in the framework of Petri nets with silent transitions, in this paper
we continue research of [9] and extend the set of basic notions of T-equivalences
by interleaving ST-branching 7-bisimulation one (<7¢,..), pomset history pre-
serving ST-branching 7-bisimulation one (ﬁgomh s1br) @nd multi-event structure
one (=7,.,). Let us note that an idea to introduce <7, ., 57, appeared initially
in [8]. We complete back-forth 7-equivalences from [8] by 6 new notions in in-
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terleaving — pomset semantics. We compare all the 7-equivalences and obtain a
diagram of their interelations.

In [3], SM-refinement operator for Petri nets was proposed, which “replaces”
their transitions by SM-nets, a special subclass of state machine nets. We treat
all the 7-equivalences for preservation by SM-refinements. We show that <7¢r; .,
S omhsTer a0d =7, 1.e. all the new equivalences introduced in this paper, are
preserved by SM-refinements. Thus, we have branching and conflict preserving
equivalences which may be used for multilevel design. In the literature, a stability
w.r.t. SM-refinements was proved only for <7, ¢p in [3] and for g7 in [5].
The preservation result for other ST-7-bisimulation equivalences was proved in
[10], but it was done on event structures and an other refinement operator was
used. The preservation of trace T-equivalences was not established before. Thus,

T T — —
our results for <7 o, €7, o1, =p, and =}, are also new.

2 Basic definitions

In this section we give some basic definitions used further.

2.1 Labelled nets

Let Act = {a,b,...} be a set of action names or labels. The symbol 7 & Act
denotes a special silent action. We denote Act, = Act U {7}.

Definition 1. A labelled net is a quadruple N = (Pn,Tn, Fn,In), where:

— Pnv ={p,q,...} is a set of places;

— Tn ={t,u,...} is a set of transitions;

Fn : (Pv X Tn)U (Ty x Py) — N is the flow relation with weights (N
denotes a set of natural numbers);

— Iy : Ty — Act; is alabelling of transitions with action names.

Given labelled nets N = <PN,TN,FN,ZN> and NI = <PN/,TN/,FN/,ZN/>.
A mapping 8 : Py UTy — Pn: U Ty is an isomorphism between N and N,
denoted by §: N ~ N/, if:

1. B is a bijection such that (Py) = Pns and 8(Tn) = Tnv;
2. Vpe Py Vt €Ty Fn(p,t) = Fn/(B(p), B(t)) and Fi(t,p) = Fn/(8(t), B(p));
3. VteTy ZN(t) = lN/(ﬂ(t))

Labelled nets N and N’ are isomorphic, denoted by N ~ N’, if 33: N ~ N'.

Given a labelled net N and some transition ¢ € Ty, the precondition and
postcondition t, denoted by ®t and t® respectively, are the multisets defined in
such a way: (°t)(p) = Fn(p,t) and (¢*)(p) = Fn(t,p). Analogous definitions are
introduced for places: (*p)(t) = Fn(t,p) and (p*)(t) = Fn(p,t). Let °N = {p €
Py | *p = 0} is a set of input places of N and N° = {p € Py | p* = 0} is a set
of output places of N.



A labelled net N is acyclic, if there exist no transitions tg, ..., t, € Tn such
that ¢2 , N*t; # 0 (1 <i < n)and tyg = t,. A labelled net N is ordinary if
Vp € Py °*p and p® are proper sets (not multisets).

Let N = (Pn,Tn, Fn,In) be acyclic ordinary labelled net and z,y € Py U
Tn. Let us introduce the following notions.

-z <Ny & xFJJ\}y, where FJJ\} is a transitive closure of Fy (strict causal
dependence relation);

—z=3nyy < (z=<nyy)V(x=y) (arelation of causal dependence);

—a#Nny & FHueTy t#u, tN°u#0, t <nx, u=3yvy) (arelation of

conflict);

Inz={ye PvUTN |y <n z} (the set of strict predecessors of x).

A set T C Ty is left-closedin N, ifVteT ({nt)NTy CT.

2.2 Marked nets

We denote the set of all finite multisets over a set X by M(X). A marking of a
labelled net N is a multiset M € M(Py).

Definition 2. A marked net (net) is a tuple N = (Py,Tn, Fn,In, MN), where
(PN, TN, Fn,IN) is a labelled net and My € M(Py) is the initial marking.

Given nets N = <PN,TN,FN,ZN,MN> and N’ = <PN/,TN/,FN/,ZN/,MN/>.
A mapping 8 : Py UTy — Pn: U Ty is an isomorphism between N and N,
denoted by ﬁ : N ~ N/, if B : <PN7TN7FN71N> ~ <PN/,TN/,FN/,ZN/> and
Vp € Py Mn(p) = My/(B(p)). Nets N and N’ are isomorphic, denoted by
N~N' if38: N~ N’'.

Let M € M(Py) be a marking of a net N. A transition ¢t € Ty is firable in
M, if *t C M. If t is firable in M, firing it yields a new marking M = M —*t+¢°,
denoted by M % M. Mark(N) denotes a set of all reachable markings of a net
N.

2.3 Partially ordered sets

Definition 3. A labelled partially ordered set (Iposet) is a triple p = (X, <, 1),
where:

— X ={x,y,...} is some set;
— <C X X X is a strict partial order (irreflexive transitive relation) over X ;
— 1 : X — Act, is alabelling function.

Let p = (X, <,1) be lposet and Y C X. A restriction of p to the set YV is
defined as follows: ply = (Y, < N(Y x Y),l]y).

Let p = (X, =<,1) and p’ = (X', <", 1’) be lposets.

A mapping S : X — X' is a label-preserving bijection between p and p/,
denoted by 8 : p =< o/, if 8 is a bijection s.t. Vo € X I(z) = I'(B(x)). We write
p=p,ift3B:p=xp.



A mapping 8 : X — X' is a homomorphism between p and p’, denoted by
B:pCp ifp:pxpandVe,ye X z <y = B(x) <" B(y). We write p C p/,
ifdB:pCp.

A mapping f : X — X' is an isomorphism between p and p’, denoted by
B:p~p,if B:pC p and 7' : p' C p. Lposets p and p’ are isomorphic,
denoted by p~ p/, if 38 : p =~ p'.

Definition 4. Partially ordered multiset (pomset) is an isomorphism class of
Ilposets.

2.4 Event structures

Definition 5. A labelled event structure (LES) is a quadruple £ = (X, <, #,1),
where:

— X ={z,y,...} is a set of events;

— <C X x X is a strict partial order, a causal dependence relation, satisfying
to the principle of finite causes: Vo € X | | x| < oo;

# C X x X is an irreflexive symmetrical conflict relation, satisfying to the
principle of conflict heredity: Vr,y,z € X z#y <z = x#z;

— 1 : X — Act, is alabelling function.

Let £ = (X, <,#,l) be LES and Y C X. A restriction of £ to the set Y is
defined as follows: &y = (Y, <N xY),#nN (Y xY),l|y).

Let £ = (X, <,#,)and & = (X', </, #' ') be LES’s. A mapping § : X — X'
is an isomorphism between & and &', denoted by 8: € ~ &', if:

1. B is a bijection;

2. Vo € X l(z) = '(B(2));

3. Vr,ye X x <y & B(x) < By);
4. Vr,y € X z#y & B(x)# B(y).

LES’s £ and &' are isomorphic, denoted by £ ~ ¢, if 30 : £ = ¢'.

Definition 6. A multi-event structure (MES) is an isomorphism class of LES’s.

2.5 C-processes

Definition 7. A causal net is an acyclic ordinary labelled net
C= <P07T07FCJC>, s.t.:

1. ¥r € Po |°r] <1 and |r®| < 1, i.e. places are unbranched;
2. Vo € PoNTe | e x| < o0, i.e. a set of causes is finite.

On the basis of any causal net C' = (Px,T¢, Fe,lc) one can define lposet
pc = (Tc, =<y N(Tc x Tc),lc).

The fundamental property of causal nets is: if C is a causal net, then there
exists a sequence of transition firings °C' = Ly = --- 2 L, = C° such that
L; CP:(0<i<m), Po =UyL; and Tc = {v1,...,v,}. Such a sequence is
called a full execution of C.



Definition 8. Given a net N and a causal net C. A mapping ¢ : Poc UTc —
PN UTy is an embedding C into N, denoted by ¢ : C — N, if:

1. (Pc) € M(Pn) and o(Tc) € M(Tn), i.e. sorts are preserved;
2. Yv e Teo *p(v) = ¢(*v) and p(v)® = p(v*), i.e. flow relation is respected;
3. Yv € To lo(v) = In(p(v)), ie. labelling is preserved.

Since embeddings respect the flow relation, if °C' 3 ... 2% C° is a full

execution of C, then M = ¢(°C) Pl el p(C°) = M is an sequence of

transition firings in V.

Definition 9. A firable in marking M C-process (process) of a net N is a pair
7w = (C, ), where C is a causal net and ¢ : C — N is an embedding such that
M = p(°C). A firable in My process is a process of N.

We write IT(N, M) for a set of all firable in marking M processes of a net N
and IT(N) for the set of all processes of a net N. The initial process of a net N
is 1y = (Cn,¢n) € II(N), such that T, = 0. If # € IT(N, M), then firing of
this process transforms a marking M into M = M — o(°C) + p(C°) = ¢(C°),
denoted by M & M. R

Let 7 = (C,¢), # = (C,¢) € II(N), # = (C,¢) € II(N,(C®)). A process
7 is an extension of ™ by process 7, denoted by m = 7, if T C Tyisa left-closed
set in C' and Ts =Tz \Tc. We write m — @, if 37 7 5 7.

A process 7 is an extension of a process m by one transition, denoted by
TS aorm S F ifn DA, Ty ={v}and Iz(v) =a .

A process 7 is an extension of a process 7w by sequence of transitions, denoted
by 7 % 7 or m 5 7, if Im; € II(N) (1§i§n)wﬂ>w13...ﬁswn:fr, o=
v1 vy and [5(0) = w.

A process 7 is an extension of a process 7 by multiset of transitions, denoted
byr Baorn A ifr 7, <5=0, To=V and I5(V) = A.

2.6 O-processes

Definition 10. An occurrence net is an acyclic ordinary labelled net
O = (Po,To, Fo,lo), s.t.:

1. Vr € Po |°r| < 1, i.e. there are no backwards conflicts;
2. Va € Po UTo —(z#o0x), i.e. conflict relation is irreflexive;
3. Vo € PoUTp | o z| < oo, i.e. set of causes is finite.

Let O = (Po,To, Fo,lo) be occurrence net and N = (Py,Tn, Fn,Iln, My) be
some net. A mapping ¢ : PoUTo — PyUTy is an embedding O into N, notation
¥ :0 — N, if:

1. Y(Po) € M(Py) and ¢(Tp) € M(Tn). i.e. sorts are preserved;
2. Yv € To lo(v) = In(¢(v)), i.e. labelling is preserved;



3. Yv e To *¢(v) =¢(*v) and ¥ (v)® = ¥ (v*®), i.e. flow relation is respected;
4. Yo,w € To (*v =*w) A (¥ (v) = P(w)) = v = w, i.e. there are no “super-
fluous” conflicts.

Definition 11. An O-process of a net N is a pair @ = (O,1)), where O is an
occurrence net and p : O — N is an embedding s.t. My = ¥(°O).

We write p(NN) for a set of all O-processes of a net N. The initial O-process
of a net N coincides with its initial C-process, i.e. wy = 7N
_ Let w = (va)v w = (Oad}) € p(N), 0= <P0,T0,Fo,lo>,
0= <P5, T5, Fy, 15>. An O—procefs @ is an extension of w, denoted by w — @,
if To C T5 is a left-closed set in O.

An O-process w of anet N is mazimal, if Voo = (0, ¢) s.t. w — @ : T5\TO =
(0. A set of all maximal O-processes of a net N consists of the unique O-process
Wmazr = (Omazs ¥maz). In such a case an isomorphism class of occurrence net
Omaz is an unfolding of a net N, notation U (N).

Let us note that on the basis of any occurrence net O one can define LES
(o = (To, <o N(To xTo),#0o N (To x To),lo). Then on the basis of unfolding
U(N) of a net N one can define MES E(N) = &, () which is an isomorphism
class of LES o for O € U(N).

3 Basic T-equivalences

In this section we propose basic T-equivalences: trace, bisimulation and conflict
preserving.

3.1 Tt-trace equivalences

We denote the empty string by the symbol €.
Let 0 = ay - --a, € Act:. We define vis(o) as follows (a € Act;).

1. vis(e) = ¢;

2. vis(oa) = {Uz’s(o)a, a7

vis(o), a=T.

Definition 12. A visible interleaving trace of a net N is a sequence

vis(ay - -ap) € Act* s.t. TN Bm B ... B, wherem; € II(N) (1 <i<n).
We denote a set of all visible interleaving traces of a net N by VisIntTraces(N).
Two nets N and N’ are interleaving 7-trace equivalent, denoted by N =7 N', if
VisIntTraces(N) = VisIntTraces(N').

Let ¥ = Ay --- A, € (M(Act;))*. We define vis(X) as follows
(A€ M(Actr)).
1. vis(e) = ¢

2. vis(SA) = {vis(E)(A N Act), AN Act # 0;

vis(X), otherwise.



Definition 13. A visible step trace of a net N is a sequence vis(A;p -+ A,) €

(M(Act))* s.t. Ty Bm B n wherem € II(N) (1 <i<n). We denote
a set of all visible step traces of a net N by VisStepTraces(N). Two nets N and
N’ are step T-trace equivalent, denoted by N =7 N’, if VisStepTraces(N) =
VisStepTraces(N').

Let p = (X, <,1) is Iposet s.t. I : X — Act.. We denote vis(X) = {z € X |
l(z) € Act} and vis(p) = pluis(x)-

Definition 14. A visible pomset trace of a net N is a pomset vis(p), an iso-
morphism class of Iposet vis(pc) for m = (C,¢) € II(N). We denote a set of
all visible pomsets of a net N by VisPomsets(N). Two nets N and N’ are
partial word 7-trace equivalent, denoted by N =7, N', if VisPomsets(N) C
VisPomsets(N') and VisPomsets(N') C VisPomsets(N).

Definition 15. Two nets N and N’ are pomset 7-trace equivalent, denoted by
N =7 .. N', if VisPomsets(N)

—pom

= VisPomsets(N').

3.2 7-bisimulation equivalences

Let C = (Pc,Tc, Fe,lc) be C-net. We denote vis(Te) = {v € Te | lo(v) € Act}
and vis(<¢) =<¢ Nwis(Te) x vis(Te)).

Usual 7-bisimulation equivalences

Definition 16. Let N and N’ be some nets. A relation R C II(N) x II(N') is
a x-T-bisimulation between N and N’, x €{interleaving, step, partial word,
pomset}, denoted by R : NI N’ x € {i, s, pw,pom}, if:

1. (7TN,7TN/) ER.
2. (m,n')ER, T 57,
(a) [vis(T)| = 1, if % = i;
(b) vis(=g5) =0, if x=s;
= I’ x i/)ﬁ", (7,7") € R and
(a) vis(pg) C vis(pg), if = pu;
(b) vis(pa) = vis(ps), if + € {i, s, pom}.
3. As item 2, but the roles of N and N’ are reversed.

Two nets N and N’ are x-T-bisimulation equivalent, * €{interleaving, step,
partial word, pomset}, denoted by NN’ if IR : NoTN'| % € {i, s, pw, pom}.



ST-7-bisimulation equivalences

Definition 17. An ST-r-process of a net N is a pair (ng,7p) S.t. Tg,Tp €
II(N), 7p = g and Yv,w € Tc, (v <cp w)V (loy(v) =7) = v € Te,.

We denote a set of all ST-T-processes of a net N by ST™ — II(N). (rn,7N)
is the dnitial ST-T-process of a net N. Let (wg,np), (7g,7p) € ST — II(N).
We write (7TE,7TP) — (ﬁ'E,pr), if7TE — 7g and mp — Tp.

Definition 18. Let N and N’ be some nets. A relation R C ST™ — II(N) x
STT — II(N') x B, where B = {8 | 8 : vis(Tc) — vis(T¢r), m = (C,p) €
II(N), " = (C'",¢') € II(N')} is a »ST-r-bisimulation between N and N’,
* €{interleaving, partial word, pomset}, denoted by R : Nolor N/, * € {i, pw,
pom}, if:

1. (7w, 7n), (TN, ), 0) € R.

2. ((rg,mp), (1, 7p),B) € R = B:vis(pcy) = Uis(pc;;) and B(is(Tcp)) =
’U?;S(TC}’)

3. (rg,7p), (7, 7p),B) € R, (7g,mp) = (Tp,7p) = %Bj (Fhgy 7o)
(Tl ) — (wE, ), |m (Toy) = B (Fe.7p), (7, 7p), B) € R, and if

™~
p g, T - L Ty v = ﬁ|Tc, then:

(a) v~ tvis(per) Cvis(po), if x = pw;
(b) v :vis(pc) = vis(pcr), if x = pom.

4. As item 3, but the roles of N and N’ are reversed.

Two nets N and N’ are x-ST-7-bisimulation equivalent, x €{interleaving, partial
word, pomset}, denoted by N o N', if IR : NoTop N, * € {i,pw, pom}.

History preserving 7-bisimulation equivalences

Definition 19. Let N and N’ be some nets. A relation R C II(N)xIT(N')x B,
where B = {B | B : vis(Tc) — vis(Tcr), m = (C,p) € II(N), o' = (C',¢') €
II(N')}, is a pomset history preserving 7-bisimulation between N and N', de-
noted by N7 ., N', if:

1. (7TN,7TN/ ) eR.

2. (m,n',B) €R = B :vis(pc) Nms(pc/)

3. (mm',B)ER, m—7 = 3B, ¥ :1' = 7, Bluisrey =B, (7.7, B) R
4. As item 3, but the roles of N and N’ are Teversed

Two nets N and N’ are pomset history preserving 7-bisimulation equivalent,
denoted by N7 N', if IR : Nl N

~‘pom



History preserving ST-7-bisimulation equivalences

Definition 20. Let N and N’ be some nets. A relation R C ST™ — II(N) x
ST™ — II(N') x B, where B = {5 | B : vis(Tc) — vis(Tcr), 7 = (C,¢) €
II(N), ' = (C'",¢") € II(N")}, is a pomset history preserving ST-7-bisimulati-
on between N and N', denoted by R : N7 orN', if:

1. ((WN,FN), (7TN/,7TN/), @) eR.

2. (g, mp), (7, ™). B) ER = Brvis(pcy) = vis(pcy) and B(vis(Tc,)) =
’UZ'S(TC})).

3. ((rg,mp), (7g, 7p),B) € R, (wp,mp) — (Fg,7p) = 3B, (7p,7p) :
(Tr/Eaﬂ-;?) - (ﬁ-/Evﬁ}—")a ﬂ|vis(TcE) = ﬂa ((ﬁ-Evﬁp)v (fr/Evfr}’)vﬂ) ER.

4. As item 3, but the roles of N and N’ are reversed.

Two nets N and N’ are pomset history preserving ST-7-bisimulation equivalent,
denoted by N7 porN', if IR : N s N

Usual branching T-bisimulation equivalences For some net N and 7,7 €
II(N) we write 7 = & when 3# = (C, @) s.t. 7 = 7 and vis(Tg) = 0.

Definition 21. Let N and N’ be some nets. A relation R C II(N)xII(N') is an
interleaving branching 7-bisimulation between N and N’, denoted by N7, N',
i

1. (7TN,7TN/) ER.
2. (mm)ER, 137 =

(a) a =71 and (7,7') € R or

() attand 37, # 7' =7 57, (r,7) €R, (7,7) €R.
3. As item 2, but the roles of N and N’ are reversed.

Two nets N and N’ are interleaving branching 7-bisimulation equivalent, de-
noted by N7, N, if IR : Nl N'.

~Zibr

History preserving branching 7-bisimulation equivalences

Definition 22. Let N and N’ be some nets. A relation R C II(N)xII(N')x B,
where B={p|p:Tc = Tc, 1= (C,p) € II(N), n' = (C',¢') € II(N'")}, is a
pomset history preserving branching 7-bisimulation between N and N', denoted
by N&7 N, if:

pomhbr

1. (7n, 7N, 0) €R.
2. (m, 7", B) e R = p:vis(pc) ~vis(pcr).
3 (mn',B)eER, T > T =
(a) (7,7',8) €R or 3 B
(b) 3[37 ﬁ-lv e 7?/7 ﬂ|vis(TC) = ﬂa (ﬂ-vﬁ/aﬂ) €ER, (%77}/55) eR.
4. As item 3, but the roles of N and N’ are reversed.

Two nets N and N’ are pomset history preserving branching 7-bisimulation

equivalent, denoted by N7 1y N', if IR - Neo? oy N7



ST-branching T-bisimulation equivalences Let (g, 7p), (g, 7p) €
ST™ —H(N) We write (7TE,7TP) = (7~1'E,ﬁ'p), if tg = g and wp = Tp.

Definition 23. Let N and N’ be some nets. A relation R C ST™ — II(N) x
ST™ — II(N') x B, where B = {5 | B : vis(Tc) — vis(T¢cr), 7 = (C,¢) €
II(N), ' = (C',¢') € II(N")} is an interleaving

ST-branching 7-bisimulation between N and N', denoted by R : N<lgp, N/, if:

1. ((7TN,7TN), (WN/,WN/),@) eER.
2. ((mg,mp), (7, 7p),B) € R = B:vis(pcy) < vis(pcy ) and B(vis(Tc,)) =
vis(TC;).
3. ((TrEaﬂ-P)a (ﬂ-lEvTr}D)aﬂ) € Ra (7TE77TP) — (ﬁE,ﬁ'P) =
(CL) ((Z}E,ﬁp), (WlEvﬂ—;D)vﬁ) €R or 5
(b) 3[37 (ﬁlEvﬁ%)a (ﬁJEaﬂ-;?) : (ﬂJEaﬂ-;?) = (ﬁlEvﬁ'}—") — (ﬂJEaﬁ-;?)v ﬂ|vis(TcE) =
8, )
((T‘—E77TP)7 (ﬁ-lEuﬁ—ED%ﬁ) S Ru ((ﬁEaﬁp)u (ﬁ—/E7ﬁ-§—’)7ﬁ) eR.
4. As item 3, but the roles of N and N’ are reversed.

Two nets N and N’ are interleaving ST-branching 7-bisimulation equivalent,
denoted by N7, N, if IR : NoTop, N'.

History preserving ST-branching 7-bisimulation equivalences

Definition 24. Let N and N’ be some nets. A relation R C STT — II(N) x
ST — II(N') x B, where B = {8 | 8 : vis(Tc) — vis(T¢r), m = (C,p) €
II(N), " = (C'",¢') € II(N')} is a pomset history preserving ST-branching
7-bisimulation between N and N’, denoted by R : N7 ,,p sy, N, if:

1. ((WN,FN), (WN/,WN/),@) eR.
2. ((mg,7p), (7, mp), B) € R = B rvis(pcy) =~ vis(pey) and B(vis(Tc,)) =
’UZ'S(TC})).
3. ((WEvT‘—P)v (7‘—;5‘77#3)76) € Rv (WEvWP) — (ﬁEuﬁ—P) =
(a‘) ((ZNTE,%P), (W/Eaﬂ-;?)vﬂ) €R or B
(b) 3B, (7?‘—35‘77?33)7 (7};5‘77}33) : (7‘—;5‘77‘—33) = (7?‘—;5‘77?33) - (ﬁlEvﬁ—ED)? ﬁ|viS(TcE) =
B, .
((ﬂ'E,TFp), (ﬁJE’ﬁ-ED)?ﬂ) €ER, ((ﬁ-Evﬁp)a (%/Evﬁ'}’)vﬂ) eR.
4. As item 3, but the roles of N and N’ are reversed.

Two nets N and N’ are pomset history preserving ST-branching 7-bisimulation
equivalent, denoted by NﬁgothTbTN’, if IR : NﬁgothTbTN’.

3.3 Conlflict preserving T-equivalences

Let &€ = (X, <,#,1) be a LES s.t. [ : X — Act,. We denote vis(X) = {z € X |
I(z) € Act} and vis(&) = &lvis(x)-

Definition 25. Two nets N and N’ are MES-T-conflict preserving equivalent,
denoted by N =7 .. N', if vis(E(N)) = vis(E(N")).



4 Back-forth 7-bisimulation equivalences

In this section we propose back-forth 7-bisimulation equivalences.

Definition 26. A sequential run of a net N is a pair (7,0), where:

— a process m € II(N) contains the information about causal dependencies of
transitions which brought to this state;

— a sequence 0 € T s.t. TN 2 7, contains the information about the order in
which the transitions occur which brought to this state.

Let us denote the set of all sequential runs of a net N by Runs(N).
The initial sequential run of a net N is a pair (7y,¢). Let (m,0), (7,5) €

Runs(N). We write (m, )1)(71',0’) if 7 5 7, ElaeT~7r—>7randa—aa.

Definition 27. Let N and N’ be some nets. A relation R C Runs(N)
x Runs(N') is a *-back xx-forth 7-bisimulation between N and N',
*+ €{interleaving, step, partial word, pomset}, denoted by R : Nﬁl’b**fN’, *, *k

€ {i, s, pw, pom}, if:
1. ((WN,E), (WN/,E)) cR.
2. ((m,0),(n',0")) €R
— (back)
(7,6) 5 (m,0),
(a) vis(Ts)| =1, if x =1i;

(b) ms(%?) =0, if x=s;
(7, a') : (fr,&)ﬁ—;(ﬁ’,a’), ((7,0),(7,6") € R and
o vis(pg,) C vis(pg), if = pw;
(b) vis(pg) ~ vis(pg,), if » € {i,s,pom};
- (forth)A
(m,0) = (7,6),
(a) |vis(Tg)| = 1 if %% = 4;
(b) vis(=g) =0, if vx = s;

= 37,5 («,0") (7,5, ((7,6),(7,6)) € R and

() vis(ps,) C vis(pg), if *x = pu;
(b) vis(pg) ~vis(pg,), if x € {i, s, pom}.

3. As item 2, but the roles of N and N’ are reversed.

Two nets N and N' are -back xx-forth 7-bisimulation equivalent, , xx €

{interleaving, step, partial word, pomset}, denoted by N7, N', if
IR : Nl N’y *,%x € {i,s, pw, pom}.



5 Interrelations of the T-equivalences

Let us consider interrelations of all the introduced 7-equivalences.
Proposition 1. Let x € {i, s,pw,pom}. For nets N and N’:

L Ny N & Nef N
2. NoT fN’ & NeT fN’;

~Lxbi , * bk ,
3. Nejy N < /NﬁzbrN [6];
T T
4' NﬁpombpomfN A Nﬁpo/rnhbr

5. Nelon, N = Neof N

NI / 8]’

.
“ibr

Fig. 1. Interrelations of the T-equivalences and their preservation by SM-refinements

In the following, the symbol ‘.’ will denote an empty alternative, and signs
that equivalences subscribed by it are considered as that of without any sub-
scription.

Theorem 1. Let +»,«»€ {=7, 7, ~} and *,xx € {_, i, s, pw, pom, iST, pwST,
pom ST, pomh, pomhST,ibr, pomhbr, iSTbr, pomhSTbr, mes, ibs f, ibpw f,



ibpom f, sbsf, sbpwf, sbpomf}. For nets N and N': N <, N' = N «»,, N’
iff there exists a directed path from <>, to 4», @n the graph in Figure 1.

Proof. (<) By Proposition 28 and the definitions of the equivalences.
(=) An absence of additional nontrivial arrows in the graph in Figure 1 is
proved by the following examples.

— In Figure 2(a) N7, N’, but N #7 N, since only in the net N’ actions a
and b cannot happen concurrently.

— In Figure 2(c) N& g7, N, but N #7, N', since for the pomset correspond-
ing to the net N there is no even less sequential pomset in N’.

— In Figure 2(b) N&J 57 N', but N #7,, N’, since only in the net N’ action
b can depend on actlon a.

— In Figure 4(a) N =7, N', but N4 TN’| since only in the net N’ action 7
can happen so that in the corresponding initial state of the net N action a
cannot happen.

— In Figure 3(a) N7, N', but N4 7o N, since only in the net N’ action a
can start so that no action b can begin to work until finishing a.

— In Figure 3(b) N&7,,, o7 N', but N¢£7 N, since only in the net N” after
action a action b can happen so that action ¢ must depend on a.

— In Figure 4(b) N7 ., V', but N< 7o N', since only in the net N” action
a can start so that the action b can never occur.

— In Figure 4(c) N27,,nsr N’ but N7, N, since in the net N’ an action
a can happen so that it will be simulated by sequence of actions 7a in N.
Then the state of the net N reached after 7 must be related with the initial
state of a net IV, but in such a case the occurrence of action b from the initial
state of N’ cannot be imitated from the corresponding state of N.

— In Figure 4(e) N<7 05, N, but N<gp 7o N, since in the net N’ an action
¢ may start so that during work of the corresponding action c in the net N
an action a may happen in such a way that the action b never occur.

— In Figure 3(c) N7, nsrer V', but N #7, .o N, since only the MES corre-
sponding to the net N has two conflict actions a.

— In Figure 3(d) N =],., N/, but N # N’| since unfireable transitions of the
nets N and N’ are labelled by dlfferent actlons (a and b).

— In Figure 2(c) N&7,  N', but N #7,

— In Figure 4(d) N<—>prwa but N §épom

— In Figure 3(a) N7, OmfN but Nﬁsbsf

— In Figure 2(b) N&Top,, N/, but NﬁTbeN’ m|

AA/_\/_\

In Figure 1, the new equivalence notions and new interrelations are printed
in bold font.

6 Transition refinement

In this section we treat the considered T-equivalences for preservation by tran-
sition refinements.



Fig. 2. Examples of the T-equivalences
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Fig. 3. Examples of the T-equivalences (continued)



Fig. 4. Examples of the T-equivalences (continued 2)



Definition 28. An SM-net is a net D = (Pp,Tp, Fp,lp, Mp) s.t.:

1. ¥t € Tp |*t] = |t*| = 1, i.e. each transition has exactly one input and one
output place;

2. Ipin, Pout € Pp 8.t. Pin # Pour and °D = {pin}u D = {pout}7 i.e. net D
has unique input and unique output place.

3. Mp = {pin}, i.e. at the beginning there is unique token in p;,.

Definition 29. Let N = (Py,Tn, Fn,In, My) be some net, a € Iy(Tn) and
D = (Pp,Tp, Fp,lp, Mp) be SM-net. An SM-refinement, denoted by
ref(N,a, D), is a net N = (Py, Ty, Fy, Iy, M%), where:

— Py =Py U{{p,u) | p € Pp\ {pin,Pout}, u€ly'(a)};
~ Ty = (Tn \ Iy (@) U{{t,u) | t € Tp, u € ly'(a)};

Fx(2,9), 7,5 € Py U (In \ 1§ (a));

Fp(z,y), & = (2,u), §= (y,u), u€ Iy (a)
_Fﬁ(jvg): FN( 7u)ag < Y, >,3’:€‘u,u€l& (CL), yEpZ’n;

FN(U, )7 T = < z, >7 g € .’LL, u € l§1(a)7 VS .pout;

0, otherwise;
(@) = In(u), @ € Tn \ Iy'(a);
N Ip(t), (t,u), t € Tp, u € Iy (a);

U=
~ Mee(p) — N(p), p € Pn;
Mz (p) = {0, otherwise.

An equivalence is preserved by refinements, if equivalent nets remain equiv-
alent after applying any refinement operator to them.

Theorem 2. Let +€ {=",<",~} and x € {_, 1, s, pw, pom, iST, pwST,

pom ST, pomh, pomhST,ibr,iSTbr, pomhSTbr, pomhbr, mes, ibs f, ibpw f,
ibpom f, sbsf, sbpwf, sbpomf}. For nets N, N' s.t. a € INn(Tn) Nin/(Tn+) and
SM-net D : N <>, N' = ref(N,a,D) <, ref(N',a,D) iff the equivalence
< 15 in oval in Figure 1.

7 Conclusion

In this paper, we supplemented by new ones and examined a group of basic 7-
equivalences and back-forth 7-bisimulation equivalences. We also compared them
on the whole class of Petri nets as well as on subclass of sequential nets. All the
considered T-equivalences were checked for preservation by SM-refinements.

Further research may consist in the investigation of 7-variants of place bisim-
ulation equivalences [2] which are used for effective semantically correct reduc-
tion of nets. In [1] a notion of interleaving place 7-bisimulation equivalence was
proposed, and its usefulness for simplification of concurrent systems was demon-
strated.
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