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Abstract. The paper is devoted to the investigation of behavioural
equivalences of concurrent systems modelled by Petri nets. Back-forth
bisimulation equivalences known from the literature are supplemented
by new ones, and their relationship with basic behavioural equivalences
is examined for the whole class of Petri nets as well as for their subclass
of sequential nets. In addition, the preservation of all the equivalence
notions by refinements is examined.

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.

In recent years, a wide range of semantic equivalences was proposed in con-
currency theory. Some of them were either directly defined or transferred from
other formal models to Petri nets. The following basic notions of equivalences
for Petri nets are known from the literature (some of them were introduced by
the author in [15] to obtain the complete set of relations in interleaving/true
concurrency and linear time/branching time semantics).

— Trace equivalences (respect only protocols of nets functioning): interleaving
(=:) [8], step (=) [12], pomset (=pom) [7] and process (=) [15].

— (Usual) bisimulation equivalences (respect branching structure of nets func-
tioning): interleaving («=;) [11], step («=,) [10], partial word (=) [16],

pomset («,,,,,,) [3] and process () [1].
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— ST-bisimulation equivalences (respect the duration of transition occurrences
in nets functioning): interleaving (;g7) [7], partial word (e,,,57) [16],
pomset (<,,,s7) [16] and process (=,,.57) [15].

— History preserving bisimulation equivalences (respect the “past” or “history”
of nets functioning): pomset (,,,,,57) [14] and process (=,,.57) [15].

— Conflict preserving equivalences (completely respect conflicts in nets): multi
event structure (=,,¢s) [15] and occurrence (=occ) [7]-

— Isomorphism (~) (i.e. coincidence of nets up to renaming of places and tran-
sitions).

Back-forth bisimulation equivalences are based on the idea that bisimulation
relation do not only require systems to simulate each other behaviour in the
forward direction (as usually) 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 [9] in the framework of
transition systems. It was shown that back-forth variant (<) of interleaving
bisimulation equivalence coincide with ordinary «,.

In [4-6] the new variants of step (<), partial word (&2, ¢) and pomset
(= pombpom ) back-forth bisimulation equivalences were defined in the framework
of prime event structures and compared with usual, ST- and history preserving
bisimulation equivalences. It was demonstrated that among all back-forth bisim-
ulation equivalences only < ,,..;,0ms i Preserved by refinements (it coincides
with <., which has such a property).

In [13] the new idea of differentiating the kinds of back and forth simulations
appeared (following this idea, it is possible, for example, to define step back —
pomset forth bisimulation equivalence (<., 7))- The set of all possible back-
forth equivalence notions was proposed in interleaving, step, partial word and
pomset semantics. Two new notions which do not coincide with known ones
were proposed: step back — partial word forth (gsbpw f) and step back — pomset
forth (& ppom ) bisimulation equivalences. It was proved that the former is not
preserved by refinements, and the question was addressed about the latter.

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. To clarify the nature of equivalences
and evaluate how they respect a concurrency, it is actual to consider also correla-
tion of these notions on concurrency-free (sequential) nets. 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, in this paper we extend the set of
back-forth equivalences from [13] by that of induced by process semantics and
obtain two new notions which cannot be reduced to the known ones: step back
— process forth (=, ;) and pomset back — process forth (=,,,,,4p7) bisimula-
tion equivalences. We compare all back-forth equivalences with the set of basic
behavioural notions from [15] and complete the results of [6, 13].



In addition, we investigate the interrelations of all the equivalence notions on
sequential nets. The merging of most of the equivalence relations in interleaving
— pomset semantics is demonstrated. We prove that on sequential nets back-forth
equivalences coincide with usual forth ones.

In [2], SM-refinement operator for Petri nets was proposed, which “replaces”
transitions of nets by SM-nets, a special subclass of state machine nets. We
treat all the considered equivalence notions for preservation by SM-refinements
and establish that among back-forth relations only < ,,.pp0m  and <4, ¢ are
preserved by SM-refinements So, we obtained the negative answer to the ques-
tion from [13]: < y,0ms (and even more strict < ,,,.4,¢) is not preserved by
refinements.

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.
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;

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

— Iy : T — Act is a labelling of transitions with action names.

Given labelled nets N = <PN,TN,FN,ZN> and N' = <PN/,TN/,FN/,ZN/>.
A mapping 5 : N — N’ is an isomorphism between N and N’, denoted by
B: N~ N if:
1. [ is a bijection such that S(Py) = Pyns and S(Tn) = Tns;
2. VteTy ZN(t) = lN/(ﬂ(t));
3.Vt e Ty *6(t) = B(°t) and S(t)* = B(t°).

Labelled nets N and N’ are isomorphic, denoted by N ~ N’, if there exists an
isomorphism 3 : N ~ N’.

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

A labelled net N is acyclic, if there exist no transitions tg,...,t, € Ty such
that t?_, N°®; # 0 (1 <4 <mn)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.



—T =Ny & xFIJ\?y, where FJ'\*,' is a transitive closure of Fy (strict causal
dependence relation);
— Inz={y € PvUTN |y <n z} (the set of strict predecessors of x);

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

2.2 Marked nets
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, My), where
(PN, Tn, Fn,IN) is a labelled net and My € M(Py) is the initial marking.

Let M € M(Px) be a marking of a net N. A transition ¢t € Tl is fireable in
M, if *t € M. If tis fireable in M, firing it yields a new marking M’ = M —°*t+t°,
denoted by M LM A marking M of a net N is reachable, if M = My or there
exists a reachable marking M’ of N such that M’ L M for some t € Tn.
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 (lposet) is a triple p = (X, <, 1),
where:

- X =A{z,y,...} is some set;
— <C X X X is a strict partial order (irreflezive transitive relation) over X ;
— 1 : X — Act is a labelling function.

Let p = (X, =<,1) and p' = (X', <", 1") be lposets.
A mapping 8 : X — X' is a label-preserving bijection between p and p/,
denoted by B : p ~ p/, if:

1. B is a bijection;
2. Vx € X l(z) =1 (B(x)).

We write p = p/, if there exists a label-preserving bijection 5 : p ~ p'.
A mapping 3 : X — X' is a homomorphism between p and p’, denoted by
B:pEp,if

1. B:p=p;
2. Ve,ye X v <y = B(x) < By).

We write p C p/, if there exists a homomorphism 3 : p C p'.

A mapping §: X — X' is an isomorphism between p and p’, denoted by
B:p~p,if 3:pC p and 37! : p' C p. Lposets p and p’ are isomorphic,
denoted by p ~ p’, if there exists an isomorphism 3 : p ~ p'.

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



2.4 C-processes

Definition 5. A causal net is acyclic ordinary labelled net
C =(Pc,Tc, Fo,lc), st

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

Let us note that on the basis of any causal net C = (P¢, T¢, Fo, o) one can
define Iposet pc = (T, <y N(Te x Te), o).

The fundamental property of causal nets is [1]: if C' is a causal net, then
there exists an occurrence sequence °C' = Ly = --- 23 L, = C° such that
L, C Pz (0<i<n), Po =U,L; and Te = {v1,...,v,}. Such a sequence is
called a full execution of C.

Definition 6. Given a net N and a causal net C. A mapping ¢ : Pc UTe —
Py UTy is an embedding C into N, denoted by ¢ : C' — N, if:

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

Since embeddings respect the flow relation, if °C 5 ... X C° is a full
execution of C, then M = ¢(°C) o) || elon) »(C°) = M’ is an occurrence

sequence in N.

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

We write II(N, M) for a set of all fireable 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 Te, = 0. If 7 € II(N, M), then firing of
this process transforms a marking M into M’ = M — ¢(°C) + ¢(C°) = p(C°),
denoted by M 5 M'. }

Let 7 = (C, ), # = (C,¢) € II(N) and 7 = (C,¢) € II(N, p(C°)).

A process 7 is an extension of © by process «, denoted by m = 7, if Te C Ts
is a left-closed set in C' and T = T \ Te.

A process T is an extension of a process m by one transition v € Tz, denoted
by ™ = 7, if 7 5 7 and T, = {v}.

A process 7 is an extension of a process ™ by sequence of transitions o =
VL Uy eTg, denoted by © % 7, if 3m; € IT(N) (1 <i < n) e Y S S
T = T

3 Back-forth bisimulation equivalences

In this section, in the framework of Petri nets, we supplement the definitions of
back-forth bisimulation equivalences [13] by the new notions induced by process
semantics and compare them with basic ones.



3.1 Definitions of back-forth bisimulation equivalences

The definitions of back-forth bisimulation equivalences are based on the following
notion of sequential run.

Definition 8. A sequential run of a net N is a pair (w,0), where:

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

— a sequence o € T¢ such that Ty Z 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 (7x, ), where ¢ is an empty
sequence.

Let (m,0), (7,6) € Runs(N). We write (7,0) = (7,5), if 7 = %, 36 €
Téwiﬁand&zaﬁ
Definition 9. Let N and N’ be some nets. A relation R C Runs(N) X
Runs(N') is a x-back x*-forth bisimulation between N and N', x, %k €
{interleaving, step, partial word, pomset, process}, denoted by R : Nz, N',
*, %k € {1, 8, pw, pom, pr}, if:

1. ((’R—Nvg)v (7(-1\/'/76)) €R.
2. ((w,0),(",0")) €R
— (back)
(7,6) = (m,0),
(a) [Tel =1, if % =i;
(b) <=0, if x =s;
= 37,5 : (#,8) 5 («,0"), (#5),(7F,5')) €R and
(a) Per c Pés Zf* = pw;
(b) pé ™ Pers if x € {i,s,pom};
(c) C=C", if x=pr;
— (forth)
(m,0) = (7,5),
(a) [Te| =1, if dox = i;
(b) <=0, if xx = s;
= 3(7,6"): («',0) x (7',6"), ((7,6),(7',6") € R and
(a) per E pes if %x = pw;
(b) pe ™ Pers if % € {i,s,pom};
(c) C~=C", if ¥ =pr.
3. As item 2, but the roles of N and N’ are reversed.
Two nets N and N’ x-back **-forth bisimulation equivalent, *, x €

interleaving, step, partial WOI“d, pomset, processy, denoted by N N/, )
*bxk ff
IR : N<—>*b**fN’, *,xx € {i, s, pw, pom, pr}.



3.2 Interrelations of back-forth bisimulation equivalences

In back-forth bisimulations, it is possible to move back from a state only along
the history which brought to the state. Such a determinism implies merging of
some equivalences.

Proposition 1. Let x € {i,s,pw,pom,pr}. For nets N and N’ the following
holds:

1. Nﬁpwb*fN/ =4 Nﬁpomb*le;
2. Nﬁ*beN/ =4 Nﬁ*b*fN/'

Hence, interrelations of the remaining back-forth equivalences may be repre-
sented by the graph in Figure 1.

Sprbprf

ipombpomf‘* ipomb}m“f

| |

2sbsf -~ 2sbpwf <7ﬁsbpomf<7 ﬁsbprf

l | | |

Zibif <—— Zibsf <+—— Zibpwf <+—— Zibpomf — Zibprf

Fig. 1. Interrelations of back-forth bisimulation equivalences

3.3 Interrelations of back-forth bisimulation and basic equivalences
Let us consider how back-forth equivalences are connected with basic ones.

Proposition 2. Let x € {i, s, pw, pom, pr}, x € {pom,pr}. For nets N and N’
the following holds:

1. Ney N & Ne N
2. Nﬁ**b**le A Nz**hN/;

3. NogrN' = Neog, N

Theorem 1. Let —€ {=, <, ~} and %, %+ € {i, s, pw, pom, pr,iST, pwST,
pomST, prST, pomh, prh, mes, occ, sbs f, sbpw f, sbpom f, sbpr f, pombpr f}. For
nets N and N'thefollowingholds : N <, N' = N <, N’ iff in graph in
Figure 2 there exists a directed path from <, to <>y
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Fig. 2. Interrelations of back-forth bisimulation and basic equivalences

4 Investigation of the equivalences on sequential nets

Let us consider the influence of concurrency on interrelations of the equivalences.

Definition 10. A net N = (Py,Tn, Fn,ln, My) is sequential, if VM €
Mark(N) -3t,ue Ty : *t+°*uC M.

Proposition 3. For sequential nets N and N’ the following holds:

L N= N & N=pmN;
2. No,N' & Nﬁpoth,:'
3. NiprN/ < Neo fN’.

pombpr

Theorem 2. Let —€ {=, o, ~}, *,xx € {i,pr,prST, prh, mes,occ}. For se-
quential nets N and N’ the following holds: N <, N' = N <, N’ iff in
graph in Figure 3 there exists a directed path from <, t0 <4y

5 Preservation of the equivalences by refinements

Let us consider which equivalences may be used for top-down design.
Definition 11. An SM-net is a net D = (Pp,Tp, Fp,lp, Mp) such that:

1. 3in, Pout € Pp such that pin, # Pout and °D = {p;n}, D° = {pout}, i.e. net
D has unique input and unique output place.



=; <-—— =pr

Fig. 3. The equivalences on sequential nets

2. Mp = {pin} and VM € Mark(D) (pour € M = M = {pout}), i.e. at the
beginning there is unique token in p;,, and at the end there is unique token
in Pout s

3. pb, and *poyt are proper sets (not multisets), i.e. pin, (respectively poyt) rep-
resents a set of all tokens consumed (respectively produced) for any refined
transition.

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

SM-refinement operator “replaces” all transitions with particular label of a
net by SM-net.

Definition 12. Let N = (Pn,Tn, Fn,In, My) be some net, a € In(Tn) and
D = (Pp,Tp, Fp,lp, Mp) be SM-net. An SM-refinement, denoted by
ref(N,a, D), is (up to isomorphism) a net N = (P, Ty, F, Iy, M), where:

— Py =Py U{(p,u) | p € Po \ {Pin:Pout}, u € 15" (a)};
— Ty = (Tn \Iy' (@) U{{t,u) | t € Tp, uely'(a)};
(,9), 2,5 € Py U(Tn \ Iy (a));

FD(x’y)v T = <x,u>, Y= <yau>7 u € l];l(a);
Fn(Z,u), § = (y,u), © € *u, uwely'(a), y €ply;

( z = {x,u), y € *u, uel&l(a), T € *Pout;

0, otherwise;

- {ZN@),aeTN\zr&(a);

N Ip(t), a=(t,u), t € Tp, u € Iy (a);

Mny(p), p € Pn;

- My(p) = {O, otherwise.

ﬁ(f7 y) =

Some equivalence on nets is preserved by refinements, if equivalent nets re-
main equivalent after applying any refinement operator to them accordingly.



Theorem 3. Let <€ {=, <, ~} and * € {1, s, pw, pom, pr, iST, pwST, pomST,
prST, pomh, prh, mes, occ, sbsf, sbpw f, sbpom f, sbpr f, pombpr f}. For nets N =
<]DN,TN,F‘]\{,l]\],]\f]\ﬂ7 N/ = <PN/,TN/7FN/,ZN/,MN/> such that a € lN(TN) N

In'(Tn') and SM-net D = (Pp,Tp, Fp,lp, Mp) the following holds: N
N’ = ref(N,a,D) <, ref(N', a, D) iff equivalence < is in oval in Figure 4.

2pom,bprf

mST Hp%

— isbpomf -~ isbjm“f

Fig. 4. Preservation of the equivalences by SM-refinements

6 Conclusion

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

Further research may consist in the investigation of place bisimulation equiv-
alences from [1] which are used for effective semantically correct reduction of
nets. We intend to compare these equivalences with the ones we examined (for
example, the relationship is unknown between place bisimulation equivalences
and ST-, history preserving, conflict preserving and back-forth ones) and check
them for preservation by refinements to establish whether they may be used for
construction of multilevel concurrent systems.
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