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Abstract

The aim of the paper is to give a compositional semantics in the style of the Struc-
tural Operational Semantics (SOS) and to study behavioral equivalence notions for
P Systems. Firstly, we consider P Systems with maximal parallelism and without
priorities. We define a process algebra, called P Algebra, whose terms model mem-
branes, we equip the algebra with a Labeled Transition System (LTS) obtained
through SOS transition rules, and we study how some equivalence notions defined
over the LTS model apply in our case. Then, we consider P Systems with priori-
ties and extend the introduced framework to deal with them. We prove that our
compositional semantics reflects correctly maximal parallelism and priorities.
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1 Introduction

P Systems were introduced by Paun in [16,17] as distributed parallel comput-
ing devices inspired by the structure and the functioning of a living cell. The
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cell is considered as a set of compartments enclosed by membranes. A P Sys-
tem consists of a hierarchy of membranes, each of them containing a multiset
of objects, representing molecules, a set of evolution rules, representing chem-
ical reactions, and possibly other membranes. For each evolution rule there
are two multisets of objects, describing the reactants and the products of the
chemical reaction. A rule in a membrane can be applied only to objects in
the same membrane. Some objects produced by the rule remain in the same
membrane, others are sent out of the membrane, others are sent into the inner
membranes, which are identified by their labels. Evolution rules are applied
with mazimal parallelism, meaning that it cannot happen that some evolution
rule is not applied when the objects needed for its triggering are available.
Some rules cause dissolution of the membrane. In this case, the objects are
put in the membrane containing the dissolved one, and the rules disappear.
The outmost membrane, called skin membrane, can never dissolve. Finally,
evolution rules can be endowed with a priority relation: a rule can be applied
only if no rule with higher priority is applicable.

The aim of this paper is to study some notions of behavioral equivalence over
P Systems, formalizing the idea of membranes having the same behavior and
being substitutable to each other. Often, two computation systems are consid-
ered to be equivalent when they have the same input/output behavior with
respect to the external world. In the P System setting, the external world of
a membrane m is formed by the membranes contained by m and by either
the membrane containing m, if m is not the skin, or the external environ-
ment, otherwise. Hence, it seems to be reasonable to consider as equivalent
two membranes that, at each computation step, can receive the same objects
from outer and inner membranes, can send the same objects to the outer mem-
brane or to the external world, and can send the same objects to the same inner
membranes. Objects obtained as input and objects produced as output are,
therefore, what in the field of concurrency theory is usually considered to be
the observable part of the behavior of the membrane. Of course, a reasonable
notion of equivalence should be a congruence, meaning that the equivalence
should be preserved when two equivalent membranes are put in the same con-
text, namely when they are inserted into the same outer membrane and host
the same inner membranes.

Structural operational semantics (SOS) [18,19] has been demonstrated to be
a solid framework for defining equivalence notions over process algebras (see
[3] for a survey). The idea is to give the operational semantics of the process
algebra in terms of a labeled transition system (LTS) [12,19], having a state
for each process and a labeled transition for each computation step leading
from a process to another process. Transition labels describe what happens in
the considered step at a suitable level of detail. The LTS is obtained by means
of transition rules of the form L2 ~ describing how a computation step
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of a process (instance of the conclusion) is derived from computation steps of



other processes (instances of premises). Finally, an equivalence relation over
the LTS states is defined, so that two processes s; and s, are equated if and
only if the portions of LTS rooted in s; and sy are the same, provided that
some details of the branching structure of the LTS are abstracted away. By
changing these details, one has different notions of equivalence.

Following the SOS approach, in this paper we firstly introduce a process al-
gebra, called P algebra, whose terms (processes) represent either membrane
contents, namely multisets of objects and sets of evolution rules that can be
composed with other membrane contents to form a membrane, or membranes,
or juxtaposition of membranes, namely sets of membranes that can be in-
serted into the same outer membrane. For readability, the P Algebra does not
consider, in a first phase, priority relations among evolution rules. We equip
the P Algebra with an LTS, obtained by means of a set of transition rules.
To describe the observable part of membrane behavior, LTS transition labels
contain information on input objects and output objects that are received and
sent in the computation step. We shall argue that the price we have to pay to
build the LTS in an inductive way, i.e. through the transition rules, is that the
LTS labels must contain other details on the computation steps that are not
related to the input/output behavior. In particular, part of this information
is needed to model in a compositional way the maximal parallelism on the
application of the evolution rules, which is a global property.

Then, we consider five different notions of behavioral preorder that have been
defined in the literature over the LTS model, and the equivalences obtained
by considering their kernels. Each of these preorders has a proper abstraction
of the LTS branching structure, and gives a proper abstraction on the way
in which processes compute. These preorders are structured in a hierarchy of
inclusion, meaning that, given two of these preorders, one is (not necessarily
strictly) stronger than the other. In general, one can provide LTSs for which
these inclusions are strict. What is not obvious at all is whether these inclusions
are strict in the LTS inferred from the P Algebra. Actually, we give examples
showing that all these inclusions are strict also in our LTS. In some sense,
this demonstrates the expressivity of the P System model. We shall prove
that all the equivalences obtained from the preorders enjoy the congruence
property with respect to all the operations of the P Algebra. This demonstrates
the solidity of our proposal, and, moreover, it can supply the basis for the
development of axiomatic frameworks in which the equivalences can fit.

Finally, we consider another process algebra, called Priority P Algebra (PP
Algebra), which extends the P Algebra to deal with priority. Also in this case
the inclusions over the preorders are strict and the equivalences enjoy the
congruence property.

Related work. A paper dealing with SOS for P Systems is [5] (whose prelim-



inary version is [4]). In [5] three auxiliary transition relations between process
algebra terms are considered, describing application of evolution rules, object
communication between membranes, and membrane dissolution, respectively.
Transitions describing the whole computation step of the membrane are ob-
tained by applying, in a given order, one transition for each relation. Our
approach is different, since we have one only transition relation, represent-
ing the whole computation step. This allows us to have a stronger notion of
compositionality, since in [5] compositionality is achieved for each of the three
auxiliary relations, but not for the main relation. In [5] the LTS describing
the evolution steps of the membranes have no label, whereas our labels carry
information over inputs and outputs. This permits us to have a notion of
observable, and, therefore, notions of equivalence taking into account the ob-
servable behavior of membranes. By removing labels from our LTS we could
easily obtain the LTS of [5].

Operational semantics for P Systems have been proposed in [8,9,11]. In [§]
Catalytic P Systems without priorities are considered and their semantics
is given as a Well-Structured Transition System. A step of a system is not
constructed compositionally, but by means of an additional transition relation
describing the application of single evolution rules. The main purpose of the
paper is to prove decidability of the divergence problem for the considered
variant of P Systems. The semantics of [8] is extended in [9] to describe the
causal dependencies occurring between reactions of a P System. In [11] a
formal framework is proposed to describe a large number of variants of P
Systems. The framework consists of an operational semantics parameterized
by the type of parallelism and halting conditions, and so on. All the semantics
in [8,9,11] are not compositional and have no notion of observable behavior.

It is worth to note that the literature offers other formalisms in which the
input/output behavior of programs can be defined compositionally only by
taking into account additional information, namely by using as transition la-
bels not only the information on the observable part of the behavior. For
instance, [13,14,20-22] argue that the input/output behavior of synchronous
languages [7) can be described compositionally only by exploiting information
on the causality relations among single inputs and single outputs.

2 P Systems

A P System consists of a hierarchy of membranes that do not intersect, with a
distinguishable membrane, called the skin membrane, surrounding them all. As
usual, we assume membranes to be labeled by natural numbers. Given a set of
objects V', a membrane m contains a multiset of objects in V*, a set of evolution
rules, and possibly other membranes, called child membranes (m is also called



the parent of its child membranes). Objects represent molecules swimming
in a chemical solution, and evolution rules represent chemical reactions that
may occur inside the membrane containing them. For each evolution rule there
is a multiset of objects representing the reactants, and a multiset of objects
representing the products of the chemical reaction. A rule in a membrane m
can be applied only to objects in m, meaning that the reactants should be
precisely in m, and not in its child membranes. The rule must contain target
indications, specifying the membranes where the new objects produced by
applying the rule are sent. The new objects either remain in m, or can be sent
out of m, or can be sent into one of its child membranes, precisely identified
by its label. Formally, the products of a rule are denoted with a multiset of
messages of the following forms:

e (v, here), meaning that the multiset of objects v produced by the rule remain
in the same membrane m;

e (v,out), meaning that the multiset of objects v produced by the rule are
sent out of m;

e (v,in;), meaning that the multiset of objects v produced by the rule are
sent into the child membrane /.

We can assume that all evolution rules have the following form, where {l;, ..., [,}
is a set of membrane labels in IN.

u — (v, here)(vy, out)(vy,ing ) . .. (vn,iny,)

An evolution rule in a membrane m is called dissolving if its application causes
the disappearance of m. In this case, the objects in m and the child membranes
of m remain free in the parent membrane of m, and the evolution rules of m
are lost. The skin membrane cannot be dissolved. A dissolving evolution rule
is denoted by adding to the products the special message d such that § € V:

u — (vp, here)(v,, out)(vy,ing,) . .. (vy, iny,)d

Application of evolution rules is done in parallel, and it could be regulated by
priority relations between rules. Parallelism is maximal; namely at each evolu-
tion step a multiset of instances of evolution rules is chosen non—deterministi-
cally such that no other rule can be applied to the system obtained by re-
moving all the objects necessary to apply all the chosen rules. The priority
relations are such that a rule with a priority smaller than another cannot be
chosen for application if the one with greater priority is applicable. The lower—
priority rule cannot be chosen even if the high—priority one is not chosen for
application: what really matters is the fact that the latter is applicable. The
application of rules consists of removing all the reactants of the chosen rules
from the system, adding the products of the rules by taking into account the
target indications, and dissolving all the membranes in which a § message has



Fig. 1. An example of P System that may send out of the skin membrane a multiset
of objects ¢"d"™ for any n € IN.

been produced.
Now, we formally define P Systems.
Definition 1 A P System II is given by

=V, p,w,...,wn, (Ri,p1)s--, (Rnypn))

where:

V' is an alphabet whose elements are called objects;

i C IN x IN is a membrane structure, such that (i,7) € u denotes that the
membrane labeled by j is contained in the membrane labeled by i;

o w; with 1 < i < mn are strings from V* representing multisets over V' asso-

ciated with the membranes 1,2,... n of u;
o R, with 1 < 1 < n are finite sets of evolution rules associated with the
membranes 1,2,....n of u;

e p; is a partial order relation over R;, specifying a priority relation between
rules: (r1,m2) € p1 iff r1 > ro (i.e. r1 has a higher priority than rs).

We show in Fig. 1 an example of P System in which all the main features of
the formalism are used.

3 The P Algebra

—In-this-section—we-define-an, algebra of P Systems, called P Algebra. Constants
of the P-Algebra correspond to single objects or single evolution rules, and
they can be co%nﬁég%’dn% to membrane systems by using operations of union,

. . e — (a,n . .
a coltaibatidnt |in a mémbrang, juxtaposition of membranes, and so on.

a — (a, here)
acdd-fmendldsemantics is given to the P Algebra in terms of a labeled transition
——system—whosestates—correspond to P Systems and whose transitions corre-
spond to P System computation steps in which evolution rules are applied
with maximal parallelism. We remark that our semantics is compositional,




namely the semantics of a system is inferred from the semantics of its compo-
nents. Compositionality allows component—wise reasoning and verification of
properties, but it is not easily achievable, in general, in formalisms with global
behavioral constraints such as the maximal parallelism of P System:s.

3.1  Syntaz

We assume the usual string notation to represent multisets. For instance,
to represent {a,a,b,b,c} we may write either aabbe, or a’b*c, or (ab)?c. We
denote multiset (and set) union as string concatenation, hence we write ujus
for uy U us.

For the sake of readability, we shall write u — wv,v,{v;,} for the generic
non—dissolving evolution rule u — (vy, here)(v,, out)(vy,ing,) . .. (v, iny, ), and
u — vpv,{uy, }o for the similar generic dissolving evolution rule. Moreover, in
examples we shall often write u — vyv,vy, ... vy, Where [y, ..., 1, are the child
membranes with /; < ;41 and v;, = @ if no multiset is sent by the evolution
rule into child membrane [;. Similarly for dissolving rules. For instance, we
will write a — @bc@d to denote the rule a — (&, here)(be, out)(D,iny)(d, ins)
if the child membranes of the membrane containing the rule are labeled by 1
and 2.

The abstract syntax of the P Algebra is defined as follows.

Definition 2 (P Algebra) The abstract syntax of membrane contents c,
membranes m, and membrane systems ms is given by the following gram-
mar, where | ranges over IN and a over V:

c == (9,9) ’ (u — vpv{uy, }, @) ‘ (u — vav{wy, }9, D) ‘ (@,a) ‘ cUc
m = [ic];

ms =m ‘ ms | ms ‘ p(m, ms) ‘ v

A membrane content ¢ represents a pair (R, u), where R is a set of evolution
rules and w is a multiset of objects. A membrane content is obtained trough
the union operation _U_ from constants representing single evolution rules and
constants representing single objects, and can be plugged into a membrane [
by means of the operation [; _];. Formally:

e (T, ) represents the empty membrane content;

o (u — vpv{v,}, @), for all u,vp,v,, v, € V*, represents the membrane con-
tent with a single non-dissolving evolution rule and no object;

o (u — vpvo{uy,}d, @), for all u, vy, vy, v, € V* represents the membrane
content with a single dissolving evolution rule and no object;



e (J,a), for all a € V, represents the membrane content with no evolution
rule and a single object;

e ¢ Ucy: given ¢ representing (Rq,u;) and ¢y representing (Ro, us), ¢1 U ¢z
represents the union of these membrane contents, namely (R U Ro, ujus).

Membrane systems have the following meaning;:

e [;c];: given a membrane content ¢ representing the pair (R, ) and | € IN,
[ic]; represents the membrane having [ as label, R as evolution rules and u
as objects;

e ms; | msy: represents the juxtaposition of ms; and mss;

e 1 (m,ms): represents the hierarchical composition of m and ms, namely the
containment of ms in m;

e v represents the dissolved membrane.

Example 3 Let us consider Fig. 1. The membranes labeled 1 and 2 are rep-
resented by the following terms t1 and to, respectively:

th=h(a— Dcdo, @)U (e — ODa, @)U (D, €) |1
ts =1 (a— aad, ) U (a — a2, @) U (ac — Fad, D) U (F,¢) |2
Moreover, j(t1,ta) represents the containment of membrane 2 in membrane 1.

Notice that Def. 2 includes membrane systems that have no corresponding P
System. In particular, we need v to model the state reached after application
of a dissolving evolution rule, and we need juxtaposition to use only one binary
hierarchical composition operation instead of an (n + 1)-ary operation u,, for
all n > 1, to represent the containment of n membranes in another one.

Notice also that the definition of p excludes that the first argument is a jux-
taposition ms; | msy of two membrane systems, or a hierarchical composition
w(msy, mss) of two membrane systems. Hence, it cannot happen that two jux-
taposed membranes have a common child, and that a parent and its child have
a common child.

3.2 Mazimally Parallel Semantics

Let us recall the model of labeled transition systems [12,19].

Definition 4 (LTS) A labeled transition system (LTS for short) is a triple
(S,E,{L |0 € L}), where S is a set of states, L is a set of labels, and
L,C 8 x 8 is a transition relation for each l € L.



: ¢ ¢
As usual, we write s — s’ for (s,s') €—.

The semantics of the P Algebra is given in terms of an LTS, with a state for
each syntactically correct term. LTS labels can be of the following forms:

o (u,U,v,0',M,I,0", O, describing a computation step performed by a mem-
brane content ¢, where:

- u is the multiset of objects consumed by the application of evolution rules
in ¢, as it results from the composition, by means of _U _, of the constants
representing these evolution rules.

- U is the set of multisets of objects corresponding to the left hand sides of
the evolution rules in c.

- v is the multiset of objects in ¢ offered for the application of the evolution
rules, as it results from the composition, by means of _U_, of the constants
representing these objects. When operation [, _ ]; is applied to ¢, it is
required that v and u coincide.

- v’ is the multiset of objects in ¢ that are not used to apply any evolution
rule and, therefore, are not consumed, as it results from the composition,
by means of _U _, of the constants representing these objects. When oper-
ation [;_|; is applied to ¢, it is required that no multiset in U is contained
in v, thus implying that no evolution rule in ¢ can be furtherly applied by
exploiting the available objects. This constraint is mandatory to ensure
maximal parallelism.

- M contains a membrane label [ if some evolution rule in ¢ is not applied
since its firing would imply sending objects to some child membrane la-
beled [, but no child membrane labeled [ exists. When the operation p is
applied to ([;c|y, ms), for any membrane system ms and membrane label
', it is required that [ is not a membrane in ms.

- I is the multiset of objects received as inputs from the parent membrane
and from the child membranes.

- O' is the multiset of objects sent as an output to the parent membrane.

- Ol is a set of pairs (;,v;,) describing the multiset of objects sent as an
output to each child membrane [;.

o (M,Z,0",0%), describing a computation step performed by a membrane
system ms, where: Z is a set of pairs (I;,v;,) describing the multiset of
objects received as an input by each membrane [; in ms, and M, O and
O! are as in the previous case.

Components I, O, O' in labels of the first form, and components Z, O!, O'
in labels of the second form, describe the input/output behavior of P Algebra
terms, namely what is usually considered to be the observable behavior. Labels
of the first form are more complex since u, U, v,v" are needed to infer the
behavior of membrane contents compositionally. For the same reason M is
used in both forms of labels. Notice that in the literature there are other
formalisms in which the input/output behavior of programs can be defined
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Fig. 2. Rules for membrane contents.

compositionally only by taking into account more information than input and
output themselves [13,14,20-22].

For the sake of legibility, in transitions with labels of the first form we shall
write the first four elements of the label below the arrow denoting the transi-
tion and the other four elements over the arrow.

Now, LTS transitions are defined through SOS transition rules [19] of the form
%, where the premises are a set of transitions, and the conclusion is a
transition. Intuitively, SOS transition rules permits us to infer moves of P
Algebra terms from moves of their subterms. We assume the standard way to

associate a set of transitions with a set of transition rules [3].

In Fig. 2 we introduce the rules for membrane contents. For each n > 0,
rule (mecl,) describes n simultaneous applications of the evolution rule u —
vpvo{vy, }. In the label, u™ means that n occurrences of the multiset of objects
u are consumed, {u} means that there is an evolution rule able to consume u,
I are the objects received from child membranes and the parent membrane, v}
means that n occurrences of v, are sent to the parent membrane, and (I;, UZ)
means that n occurrences of v, are sent to each child membrane /;. In the
target state, I and v} mean that the objects received as inputs and the n
occurrences of v, produced by the n applications of the evolution rule will be

10



available at the next computation step.

The dissolving evolution rule u — v,v,{v;, }d requires two types of semantic
rules. For each n > 1, rule (mc2,) describes n simultaneous applications of
the dissolving rule, leading to dissolution. Note that in this case all I, v}, and
vy are sent as an output to the parent membrane, and that the target state
is v. Moreover, also d appears among the outputs, so that also the label car-
ries information about dissolution. The second semantic rule is (me3), which
describes the case in which the dissolving rule is not applied. In this case o
does not appear in the label and the objects in I will be available at the next
computation step.

In rules (mc4) and (mch) we assume a function Labels from sets of pairs
{(v1,iny,), ..., (vn,iny, )}, sets usually denoted {v;,}, into sets of labels. The
function Labels({v;,}) extracts all the membrane labels from the given set
of pairs, namely it returns {ly,...,l,}. Rule (mc4) states that the evolution
rule u — vpv,{v;, } is not applied because it requires sending objects to child
membranes in M that are assumed not to exist. Rule (mc5) is analogous to
(me4), but deals with dissolving evolution rules.

Rules (mc6) and (mc7) describe the behavior of the objects inside the mem-
brane content. Rule (mc6) states that object a is offered for the application
of some evolution rule. Rule (mc7) states that object a is not used to apply
any evolution rule. In this second case, a appears in the target state and will
be available at the next computation step. Finally, (mc8) expresses that the
empty membrane can only receive input.

In Fig. 3 we introduce the transition rules allowing to infer behavior of unions
of membrane contents from the behavior of the individual membrane contents.
Given a multiset of objects v and a set of multisets of objects U, we write u - U
if there exists some v’ C wu such that v’ € U, and we write u ¥ U otherwise.
Intuitively, if for each u’ € U there is an evolution rule having « in the left side,
then u = U means that u can let at least one of these transitions fire. Moreover,
we assume a function Objects from membrane contents to multisets of objects
such that Objects((R, u)) = u. Then, given two sets of multisets U; and Us, we
write Uy @ Us to denote the set {u € U1Us| Au' € UyUsw’ C u}. Finally, given
two sets O% and O% representing two outputs to inner membranes, we write
O} U Oy to denote the set {(,uv) | (I,u) € Ot A(L,v) € O3} U {(1,u) | (I, u) €
OIN Au.(l,v) € O3} U {(l,v)] (I,v) € OsA Bu.(l,u) € Of}.

Rule (ul) describes the move of x1 Uzy when no dissolving rule is applied (6 ¢
O0l10)). Rule (u2) describes the case in which z; is dissolved due to a dissolving
rule, and x5 is not (§ € O] and 6 ¢ O)). Since z; and x5 will be plugged
into the same membrane, also x5 has to dissolve and all its objects, denoted
Objects(ys), are sent to the parent membrane. We assume a rule analogous to

11
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Fig. 3. Rules for union of membrane contents.

(u2) to deal with the symmetric case, namely x5 is dissolved and x; is not. Rule
(u3) describes the case in which both z; and z, are dissolved (6 € Ol N O)).

In all the three rules it is required that M; M, NlLabels(O} Un O3) = @, namely
that the set of child membranes x; (resp. x2) assumes to be absent has a null
intersection with the set of child membranes to which objects should be sent
by x5 (resp. z1). Moreover, it is required that vjvy ¥ U; @ Uy, namely that
objects that are not consumed by x; and x5 cannot trigger any evolution
rule in xy and x,. Both these requirements are needed to guarantee maximal
parallelism of evolution rules. Note that U; @ Us does not contain any multiset
w if it contains some multiset u’ C u, since objects triggering u would trigger
also u’'. We anticipate that this allows considering as equivalent systems such
as (a — @b2, @)U(a — DD, @)U (aa — Db, @) and (a — @bD, &)U (a —
@@, &), which represent the contents of the membranes shown in Fig. 4. If we
replace Uy & Uy with U Us in (ul), (u2), (u3), we obtain that the two systems
perform transitions which differ only in the element of the label corresponding
to U,U,. In particular, the first system would perform transitions in which such
an element is {a} while the second system would perform transitions in which
such an element is {a, aa}. This unwanted situation is avoided by the use of
U & Us.

Among the transitions performed by membrane contents, we call acceptable
those corresponding to actual evolution rule applications, namely those in
which the multiset of objects consumed by evolution rules and the multiset of
objects offered for their application, do coincide.

12




Fig. 4. An example of equivalent systems.
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M,y,1,,0,,9 M2,15,0,,9
o —— Ly @ —— 2 Ly 5€0l,5¢0) Gus2)
©,1172,(0] 0)) 6,2
z1|z2 Y2
M;,1;,0] .2 M3,15,0] .2
T ——— Y1 T2 ———— Y2 O E OI n O; (juz3)

@,1172,(0] 0]).2
Tty ———— v

Fig. 5. Rules for single membranes and juxtaposition of membranes.

Lemma 5 Operation U on membrane contents is associative and commuta-
tive.

PROOQOF. Operation U on membrane contents is commutative because the
two transition rules (ul) and (u3) are completely symmetric, while rule (u2),
which is not symmetric, has a dual version, omitted in Figure 3. Moreover,
operation U on membrane contents is also associative because the labels of the
transitions in the conclusions of (ul), (u2) and (u3) are constructed by using
associative operations, namely set and multiset unions, and because the tran-
sition rules (mcl,,),. .., (mc5) describe both the cases of application and non—
application of any evolution rule, and the transition rules (mc5), ..., (mc8)
describe both the cases in which the objects are consumed and are not con-
sumed. O

In Fig. 5 we give the transition rules for single membranes and for juxtaposition
of membrages. We write u — 4 to denote the multiset of objects obtained by

— (b, out)TeM ing fro —;% %@ occutrences of 4.

— (c,out - t
a= (e ou )]%ule (ml) d scérlbécs% e) tra sition in a membrane with content x and when

onlv/non—dis

aa — (be, ou
rules are applied. Among the transitions  may

(a) (b)
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L n 1
My,{(l1,11)},0] 0} M»,12,0},2 O =7 0,¢ch
1 Y1 @2 Y2

My NLabels(Zo) =@ §¢0]0]

(h1)
2,(11,1;\0)),0] 2
w1, x2) ———— p(y1, y2)
My, {(11.11)},0] .0} M3.15,0).8 Oj=T, ojcn 4s€0]
r ————————— Y1 X2 —— Y2
M N Labels(Z2) = @ § ¢ O
(h2)
2,{(11,1:1\0])},0] —6,2
w(z1, z2) Y2
Mi.{(11.11)},0] 0} My, 75,0}, ol=1, ol —scrn s¢o0!
r ——————— Y1 T2 — Y2
M Nlabels(Zo) =@ &€ O)
(h3)
2,{(l1,11\0])},0] &
w(z,z2) Y1
M1, {(l1,11)},0],0} M2, T5,0] 2 ol=1, 0l —scn
ry ———————— Y1 2 — Y2
MiNLabels(Zo) =@ §e 0] nol
(h4)

@ {(l1,;1\0)},0] .2

/"(xlv IQ)

Fig. 6. Rules for hierarchy of membranes.

perform, only the acceptable ones are considered (the first and the third com-
ponents of the label below the arrow coincide). This condition, together with
constraint vjvy ¥ U; @ Us in rules (ul), (u2) and (u3), allows describing max-
imal parallelism compositionally. The input I to the content z becomes the
input (1, I') to the membrane [. Rule (m2) describes the case in which dissolving
evolution rules are applied.

Rule (jux1) describes the juxtaposition of two membranes that do not dissolve.
Since Def. 2 ensures that x; | xs cannot appear as the first argument of
operation p, namely z; and x5 cannot have any common child, we are sure that
the set of children of x; and x5 cannot furtherly change. Hence, we can assume
that both z; and x5 have delivered all outputs to their child membranes,
namely that the set of remaining outputs to be delivered to inner membranes
is empty, as it appears from the fourth component of the label of both premises,
which is empty. For the same reason, information in M; and M, is needless,
and, therefore, the first component of the label of the conclusion is set to
@. Rules (jux2) and (jux3) describe the juxtaposition when one or both of
the two component membranes dissolve. We assume also a rule symmetric to
(Juz2).
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In Fig. 6 we introduce the transition rules concerning hierarchical composition
of membranes. We assume = to be an equivalence relation on sets of pairs (I, u)
with [ € IN and u € V*, such that, given two such sets Z; and Z,, then Z; = 7,
holds if and only if (Z; \ {([,@) |l € N}) = (Zx \ {({,2) | | € IN}).

All these rules describe the case in which the membrane system x5 is contained
in the membrane x;. The fact that z; is a single membrane emerges by looking
at the second element of the label of the transitions that x; performs (namely
{(l1,11)}), which represents inputs z; expects and is a single pair. To handle
correctly object exchange between parent membrane and child membranes,
we require that the multisets of objects O% sent from parent to children is
equivalent to the multisets of objects Zy expected as input by the children.
We also require that the objects O; sent from children to parent are contained
in the objects I expected as input by the parent. Moreover, to check that the
children expected to be absent by x; are really absent, we require that the
labels in M; do not appear in Z,. Objects in O; are removed from [; in the
label of the transition of the hierarchical composition, hence the input objects
in the composition are only those expected as input from outside the resulting
membrane. Rules (h1), (h2), (h3), and (h4) handle the cases in which either no
membrane, or only the the parent membrane, or only all the child membranes,
or all of them dissolve, respectively.

3.3 Properties of the Semantics

First of all let us note that all SOS rules respect the well known de Simone
format [10], i.e. they have the form

{I’Z’ %yz |ZE ]}
f(xlw"uxar(f)) St

where f is an operation with arity ar(f), z1,. .., Zar(s) and {y; |7 € I} are vari-
ables that can be instantiated with any term, I is any subset of {1,...,ar(f)},
the variables x; and y; are all distinct and the only variables that occur in
the rule, and, finally, ¢ is any term that does not contain any variable z;, for
1 € I, and has no multiple occurrence of variables.

To prove that our SOS style semantics reflects maximal parallelism, we show
that if a membrane content (R, ) performs an arbitrary acceptable transition
(R.u) M,1,0] 0}
u U/ v’
the transition is such that none of the evolution rules in R can be applied
to its objects, i.e. the membrane content (R,v’) is not able to perform any

x, then the multiset of objects v’ that are not consumed in
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M,I',0},0}

acceptable transition (R, v) with u” # @, for any U’, 0", I', 0}, O%.

// U/ // //

M.,1,0],0% M.I',0},0
_

Theorem 6 If (R, u) o then (R,v") mé for any u" # @

and any U', 0", I',0), 05.

PROOF. We prove the following stronger implication:

M,1,0],0} M,I',0},0}
<R7U>T11)v’1>x:> (R U)W foranyu”;é@ (].)

in which the assumption is a transition non necessarily acceptable (i.e. with v
non necessarily equal to u').

The proof of (1) is by induction on the cardinality of R.

e Base cases:

- If R = @ then all transitions from (R,v’) are inferred from rules (mc6),

(mcT), (me8) and (ul). Hence, those that are acceptable have the form
2,1,8,9

(R,v) ———,
,0,9,0'

[lagtiag]

- If R contains a single non—dissolving rule, namely R = {u; — vyv,{v;, }},
we can assume, by Lemma 5, that

and (1) is trivially satisfied.

(u; — vpvo{uy, }, u) = (U1 — vpve{uy,}, @) U (D, u).
The premise of (1) can be rewritten as

M,1,01,0t
(u; — vpvo{uy, }, @) U (2, u) ; L
u! ,Uvv’

The only way to derive this transition is by applying rule (u1) with (&, u)
as x1 and (u; — vpv{vy,}, D) as xe (or vice—versa). All the transitions
that can be performed by (&, u) are inferred through rules (mc6), (mcT7)
and (ul), and have the form

®7127®7®/
-y

(9, u)

2.9, T (@’ IQEQ)

for I, € V* and Wy, us such that wius = u. The transition performed by
(up — wvpvo{vy,}, @) is obtained by applying either rule (mcl,) or rule
(med). Let us distinguish these two cases.

In the case of (mcl,), the premise of (1) is obtained by applying rule

16



(ul) to the transitions

2,0,,0],0t 2,1>,9,0
_ T

(uy — vpvo{vy, }, @), (D, u) (@, V')

(Ul - Uhvo{vli}7 @) ut {ur},2,8 .90,

Hence, in the premise of (1) we have that M is @, I is I;I,, Ol and O}
depend only on the transition of (u; — vpvo{vy,}, @), v is uf, for some
n > 0, U is {u1}, and v and v’ are such that vv' = u. By the premises
of rule (ul) we are sure that v' ¥ {u;}, which implies that u; Z '
Now, by contradiction, let us assume that there is a y such that we can
M y with v” # @. This
u U ! v
transition should be inferred from rule (u1). Moreover, the move of (u; —
vpvo{wy, }, @) used in the premise of (ul) is inferred from (mcl,,), for some
m > 0, since, if it was inferred from (mc4) we would have that v” = @.
This implies that u” is equal to u}", for some m > 0. Finally, the move
of (&,v") used in the premise of (ul) determines the value of v”, which is
such that v”v” = v/. Summarizing, we have that «” = u}"*, for some m > 0,
u"v" =" and u; € v, which is a contradiction. Hence, the conclusion of
implication (1) follows.
In the case of (mc4), the premise of (1) is obtained by applying rule
(ul) to the transitions

infer a transition (u; — vpve{vy,},v")

M,1,9,% 2,1>,9,2
(ur = vivo{v}, @) 2 (1 — vwve{on}, @), (8, u) —2— (2, Iv')

Hence, in the premise of (1) we have that M is determined by the move
of (uy — wpv{vy,}, @), I is L1, OI, O%, v and U are @, and v and
v" are such that vv’ = u. By the premises of rule (mc4) we have that
M is a non empty subset of the labels appearing in {v;, }. The same M
is assumed in the label of the transition appearing in the conclusion of

(1). Now, by contradiction let us assume that there is a y such that we

1 ok
M,I',0},0}
_ %

can infer a transition (u; — wvpv{vy},v) y with v’ # @.

u” U v

This transition should be inferred from rule (ul). Moreover, the move of
(up — vpvof{uy, }, @) used in the premise of (ul) is inferred from (mc4),
since, if it was inferred from (mcl,), we would have that M = @. This
implies that u” = @, which is a contradiction. Hence, the conclusion of
(1) follows.

- The case in which R contains a single dissolving rule is similar to the
previous case.

e Induction cases:

- IR = {u; — vpv{v, }}UR', with R’ # &, we can assume, by Lemma 5,
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that
(R,u) = ({ur — vpvo{u, }}, @) U (R u).

The premise of (1) can be rewritten as

M,1,0],0t
({ur — vpvof{vy, }}, @) U (R’, u) —

u/ \Uwv’

This transition can be derived by applying either rule (ul) or rule (u2).
We consider only the case of (ul), as the case of (u2) is analogous. Rule
(ul) can be applied with (u; — vpv.{v,}, @) as x; and (R',u) as xg (or
vice-versa), where the transition performed by (u; — vpv.{v;,}, @) and
used in the premise of (u1) is obtained by applying either rule (mcl,,) or
rule (mec4). Let us distinguish these two cases.

In the case of (mcl,), the premise of (1) is obtained by applying rule
(ul) to the transitions

2,1,,0},0} ( M,I5,0},0}
_— _

1
T

up — vpviuy b, @), (R, u)

%)
(u1 — vavo{vy, }, @) r )00 @O0

for some a” such that x = (u; — vav{vy, }, @) Uz". Hence, in the premise
of (1) we have that M, v and v" are determined by the move of (R’ u),
I =115, 0l = OlOg, O} = Ol Un O,f, v = ul, for some n > 0, and
U = {u;} ® U. By the premises of rule (ul) we have that v' ¥ U & {u,},
which implies that u;  v'. By the induction hypothesis we have that the
transition on the right above implies that

M,I,01,0!

(R, v') ——4 for any u # @

u,U,u,0’
and this implies that with 4 # @ we have only transitions from (R’,v') of
the form -

(R'2f) 222y @

u,U, 0,0’

with @ # ©. These transitions are obtained by applying either rule (ul)
or rule (u2), and, by Lemma 5, we can assume that the premises of these
rules are a move by (R’, @) and a move by (&,v"). Moreover, the values
of v and ¥" are determined by the move of (&,v’), and there is a move
for each each pair v, ¥’ such that v0' = v’. We are sure that u Z v'. In
fact, if @ C v/, we could choose as premise of (ul) the move by (&,v)
with © = u, which contradicts that v # u. Summarizing, we have proved
up to now that u; Z v’ and, if there is a transition like that in (2), either
u =@, or uZv. We note that all the transitions performed by (u; —
vpvo{uy, }, @) U (R, 0), that is (R,v’), are inferred by rule (ul) or (u2),
where the premises of these rules are both a move by (u; — vpv.{v;, }, @)
and a move by (R’,v"). The first of these two moves is inferred by either
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(mel,) or (mc4). Hence we have two subcases.
In the first subcase, the transition by (R,v’) has the form
(ur — vpve{vy, }, @) U (R, 0) MLOTOL,

~ e,
uui®,U,vv

for some m > 0, and is inferred from

@,1,,0% 0} M.I,,0! ot
(u1 = vavo{uy, }, D) =5 (ur — vpve{uy }, @), (R, 0') —>~bN = 2
u? {u1},9,9 w, U’ v,v'

where [ = [, U, Ol = 0l U0}, O} = O! Ux O} and U = {u;} & U".
We have already proved that either u = @ or «  ¢’, and that uy € v'.
Morevoer, we know that v C v'. As a consequence, uul" # 0.
In the second subcase, the transition by (R, ") has the form
7010l
(ur — vpve{uy, }, @) U (R, 0) MLO9, o

and is inferred from

M 1..2,8 , N M".I,01,0!
) 2,0,9, (uy uvoiv}, @), (R, ') alaw

(w1 — vpv{vy, }, @ z

where I = I, ULy, and M = M’ U M". Now, if we have the transition

M",1,,01,0¢ . M,1,,01,0t
(R’,v") ——=—" z then we have also the transition (R’,?v') ————
u,U,v,0’ u,U,v,0’

M,I,0] 0}
—_—

zZ.

This follows from the fact that transition (R',u) x” assumed

w,U,v,v’
at the beginning of the proof, ensures that all labels in M are mentioned
by the rules in R’, and rules (mc4) and (mch) permit to choose an arbi-
trary subset of the labels mentioned in the evolution rules. If we have the
M,1,,01,0¢

transition (R’ v’) z, we have already proved that u Z v’. Since

w,U v
we know also that v C v', we infer that @ # v.
In the case of (mc4) the premise of (1) is obtained by applying rule (ul)

to the transitions

M1,11,9,2 Ma,I,0],0}
(ug — vavo{vy, }, @) ﬁ (ug — vpvo{vy, }, @), (R, u) ﬁ x”

for some 2" such that x = (u; — vav{vy, }, @) Uz”. Hence, in the premise
of (1) we have that M = M;M,, I = 1115, and OI, O%, u', U, v and
v" are determined by the move by (R, u). Without loss of generality, we
can assume that no evolution rule in R’ mentions membrane labels in
M\ M. In fact, if some membrane label [ is in M; \ M, and is mentioned
by some evolution rule in R’, then we can replace M, with My U {l} in

19



the transition in the right side. This property holds since rules (mc4) and
(meb) permit to choose an arbitrary subset of the labels mentioned in
the evolution rules. By the definition of rule (mc4) we have that M; N
Labels({v,}) # @. Since M = M, My, it follows that M N Labels({v;,}) #
. By contradiction, let us assume that there is a y such that we can infer

M,I',0},04 1 .
p—— with u” # @. Since M NLabels({v;}) # @,
/U,//7 ,’u,”,’l)”
we are sure that this transition can be inferred only by composing through
(u1) or (ug) a transition by (u; — vpv{vy,}, @) inferred from rule (mc4)
MLL22, with M’ C M N Labels({v, }),
z,3,9,2
M},I',0},0%
—

adlad]
U”,U,UN,UH

is such that M = M’MJ. Since we have assumed that the evolution rules
in R’ mention membrane labels in M; \ Ms, if we have the transition

T Nl Tl
(R, ') Mz 1102.05 M2,I",05,0;
7

a transition (R, v’)

of the form (u; — vpv.{uy,}, D)

and a transition by (R',v") of the form (R',v") y', where M

y" we have also the transition (R',v") !
u//,U,uN7/UII u//7U7u”7’U/l

Ma,I',0},0}

U”,U,u”,'l}//

But, by the induction hypothesis, we have that (R’ v’) for

any u” # @. Hence, the conclusion of (1) follows.
- The case in which R = {u; — v,v,{v;, }d} UR’ is similar to the previous
case. U

4 Behavioral Preorders and Equivalences

In this section we consider some well known notions of behavioral preorder
and equivalence defined in the literature over the LTS model (see [3] for a
survey). Let us recall that a preorder is a reflexive and transitive relation,
and an equivalence is a symmetric preorder. Moreover, the largest equivalence
contained in a preorder is called the kernel of the preorder.

As usual, given an LTS, we shall write s 7& if s & s holds for no s’ ,and s 4
if s £ for all £ € L. Moreover, for a state s € S, we denote by Initials(s) the
set { € L]3s. s EN s'}.

Definition 7 Let (S, L, {L |0 € L}) be an LTS. A relation RC S xS

e is a simulation if, for each pair s1 R so, if s1 — s} then there is a transition
¢
Sg — sy such that s| R s;
e is a ready simulation if it is a simulation and, for each pair sy R s, if $1 7£>

then so %;
e is a ready trace preorder if, for each pair syRss, any ready trace of sy is a

ready trace of se (a sequence Lol1Ly ... 0, L, with L; C L and {; € L is a
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ready trace of a state sq if sg 4, S1 b, e Sp1 fn, sp and Initials(s;) = L;
fori=20,...,n);

e is a failure preorder if, for each pair s1Rss, any failure of sy is a failure of
So (a pair (0y... Ly, L) with {1 ... 0, € L and L C L is a failure of a state s

.l n .
if s 25 .. 2 ¢ for some state s' such that Initials(s') N L = &);
e is a trace preorder if, for each pair s;Rsy, any trace of s1 is a trace of so
. . . ¢ "
(a sequence ly ... L, with {; € L is a trace of a state sq if sg — ... b, S,

for some state sy ).

All the relations in Def. 7 are preorders. Intuitively, two states s and ¢ are
related by some preorder (resp. by an equivalence obtained as kernel of some
preorder) if the behavior of s is simulated by (resp. equivalent to) the behavior
of t, provided that some details of the behaviors of s and ¢ are abstracted away.
These details depend on the considered preorder (resp. equivalence).

As usual, we denote with Crg (resp.: Cg) the union of all ready simulations
(resp.: simulations), which, in turn, is a ready simulation (resp. simulation).
The kernel of Egg and the kernel of Cg coincide, is called bisimulation, and is
denoted by ~. We denote by Cry (resp.: Cp, Cr) the union of all ready trace
preorders (resp.: failure preorders, trace preorders), which, in turn, is a ready
trace preorder (resp.: failure preorder, trace preorder), and by ~gr (resp.: ~p,
A7) its kernel.

Example 8 Let us consider the membranes in Fig. 4, which are modeled by
the following P Algebra terms:

s=1[i(a— @b 2)U(a— Dc,d) U (aa — Tbe, D) |

t=[(a— 2bo)U(a— Dc,2)];.

LTS transitions take into account that membrane 1 can be inserted into a
parent membrane, from which membrane 1 can receive objects a, b, and c.
For each p,q,r € IN there exist an LTS state spq,, and an LTS state t,q,,
representing membrane 1 in the left side and membrane 1 in the right side,
containing the multiset of objects aPbic™. Then, for each p',q',r', and for

each pair of values p, and p. such that p, + p. = p, there are transitions
Q,(l,ap/bqlc""l),bpbcpc,ﬁ Q,(l,ap/bqlc""l),bpbcpc,z

Sp.ar Spqq s+ 0N tp g P a+q’ s+’

modeling that the membrane exploits the p objects a to send out py, objects b and

pe objects ¢, and that the input from the parent membrane is a? b? ¢ . Finally,

/ / / / / /
. @,(1,a? b2 ¢ ),b00, & @,(1,a? b2 ¢ ), b0, @
we have transitions s Spr gt and D g

It turns out that s and t are equated by the stronger equivalence we have con-
sidered, namely =, which reflects the intuition that the membranes in Fig. /
have the same behavior.

The previous example shows a case in which one of the evolution rules in a
membrane is useless. In Fig. 7 we show other pairs of membranes whose corre-
sponding P Algebra terms are equated by ~. Let us consider the membranes
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in Fig. 7.a and Fig. 7.b. They have different structure, but have the same ob-
servable behavior. Both membranes labeled 1 can receive occurrences of d and
a, provided that they are inserted in a parent membrane. Each occurrence of
d is send out at the next step. Each occurrence of a is sent inside membrane
2. Now, both membranes labeled 2 are able to sent out one occurrence of d for
each occurrence of a they receive from 1, with a delay of three computation
steps. Such occurrences of d are sent out by 1 after one more computation
step.

Let us consider the membranes in Fig. 7.c and Fig. 7.d. Both membranes
labeled 1 can receive occurrences of d and a, provided that they are inserted
in a parent membrane. Each occurrence of d is sent out at the next step.
For each occurrence of a, the membrane 1 in the left side sends either one
occurrence of b inside 2, or an occurrence of ¢ inside 3, whereas the membrane
2 in the right side sends an occurrence of e inside 2. At the next step, the
membrane 1 in the left side receives one d for each b sent to 2 and one d for
each ¢ sent to 3, whereas the membrane 2 in the right side receives one d for
each e sent to 2. These d’s are sent out by 1 one step later.

Let us consider the membranes in Fig. 7.e and Fig. 7.f. Both membranes
labeled 1 can receive occurrences of b and a, provided that they are inserted
in a parent membrane. Each occurrence of b is sent out at the next step. For
each occurrence of a, the membrane 1 in the left side sends two occurrences
of a inside 2, whereas the membrane 1 in the right side sends two occurrences
of a inside 3. Hence, 2 and 3 always receive 2k occurrences of a, for some k,
and send out to 1 2k occurrences of b at the next step. These b’s are sent out
by 1 at the next step.

4.1 Congruence Property

A classical requirement over a preorder (resp. equivalence) notion is to be a
precongruence (resp. congruence), namely that it is preserved by all opera-
tions. This is essential to allow substitution of programs with equivalent ones
and to develop an axiomatic framework.

Definition 9 A preorder (resp. equivalence) R C S x S is called a precon-
gruence (resp. congruence) iff, for each operation f with arity n and pairs
s1Rs),...s,Rs), it holds that f(s1,...,s,)Rf(sy,...,5,).

n’ ren

All P Algebra operations behave well w.r.t. preorders and equivalences in
Def. 7.

Theorem 10 All preorders in Def. 7 are precongruences.
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Fig. 7. Examples of bisimilar systems.

PROOF. In [23] it is proved that trace preorder and failure preorder are
precongruences for all calculi defined with SOS rules in de Simone format.
In [24] some formats are given which ensure that simulation preorder, ready
simulation preorder and ready trace preorder are precongruences. All these

formats are less restrictive than de Simone format.

O

Corollary 11 The kernels of all preorders in Def. 7 are congruences.

4.2 Hierarchy of Preorders

It is well kiown that the preorders in Def. 7 are structured by the hierarchy
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Example 12 Let us consider the following P Algebra terms:
s=[1(9,a)U(a — @b, D) |1

t=[1(g,a)U(a — 2b), &)U (a — Db, D) |.

Term s represents a membrane that can send out b and dissolve, whereas term t

represents a membrane that can send out either b, or ¢, and dissolve. Formally,
p,q,T p,q,T

for each p,q,r € N, s *— v, and t ~— v and t LN v are the transitions
in the parts of the LTS that are rooted in s and t, respectively, where l, =
(@, (1,aPbic"), aPb? ", @) and l. = (2, (1,aPbic"), a’bic™! &) represent the
computation steps performed by the membrane for input aPb?c”. Note that the
mput is sent out due to dissolution. Now, we have that s Cg t, since t is able

. 3 lpﬁq""
to simulate each 2" move by s, but s t, since t —— v and s has no
b ’ RS U,
P2 move.

Now we can show that both inclusions of Cg in C7 and Cgrg into Ty are
strict.

Example 13 Let us consider the membranes in Fig. 9. Their behavior differ
since the membrane in the left side chooses at the first computation step if
one object b or one object ¢ will be sent out at the fourth step, whereas the
membrane in the right side makes the decision in the second computation step.
Actually, in the left side the choice is made by membrane 2, which can send a
to either 3 or 4. In the former case 3 sends out b to 2, which sends out b to 1,
which sends out b. In the latter case 4 sends out ¢ to 2, which sends out c to
1, which sends out c. In the right side, 2 can only send a to 5, which decides
to send out to 2 either b or c. In the former case 2 sends out b to 1, which
sends out b. In the latter case 2 sends out ¢ to 1, which sends out c.

Let us take the following P Algebra terms:

s3 =[3(a — @b,2)]3

sy = [4(a — e, D) |4

s9 =1[(9,a)U (a - 22a2,2)U (a — 22Ta, ) U (b — @b, &) U (¢ —
SeDD, F) s

ts =[5(a — @b,2)U (a — D, D) 5

tr=[1 (b — 2b2,2) U (c — 2c2,2)|;
s = u(sy, 11(s2, 83 | $4))
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Fig. 9. Two membrane systems showing that both inclusions Cs € Cp and

Crs € Cpr are strict. The labels are as follows: llpq = (@, (1,07 ), P, @),
B0 = (2, (1,070 ), et @), 50 = (2, (1,0 1), ettt o).

t = p(ty, u(te, ts)).

Terms s and t correspond to the membranes in Fig. 9. The parts of the LTS
inferred from the P Algebra that are rooted in s and t have been partially
depicted in the figure.

By construction, the LTS takes into account that s and t could be inserted
into a parent membrane, thus receiving objects b and ¢ from such a parent.
LTS transitions modeling a computation step in which the input received from
the parent membrane is bpcq enter state s??, or t9?. From each state s??, or
th transitions labeled [P depart for each p' and ¢'. For readability, we have

7.P,q
depzcted only transitions labeled 121 =~ to represent all of them. A transition

J.pa
labeled lil’fq (resp.: ’2’,;;{(1, g’;;lq) describes a step with input b ¢t and output

bt (resp.: bPHict, bPctth).

Now, it holds that s ~r t, s ~gr t, and s ~p t. Relation R = {(s,t)} U

{5789 [, = 0} U (5", 59) [ pyq = 0} U{(27, 2 p.g > 0,4 < < 9)

8 a szmulatwn, whereas no simulation (and, therefore, no ready simulation)

contaim’ng (t,s) can be given since neither s5? nor s§? are able to simu-
Psq Psq

e s 1 o Byl e BT

1pg 1pq3pq> 1,p,4"1,p,q"3,p,q’ 3

trace llpqllquQPq Hence, the pair (t,s) is in Cp \ Cg and in Crr \ Cgg.

It remains to show that both inclusions of Ty in T and Cry into Cx are

b— (b,out) c¢— (c,out)

2
( 3 — 05 le 14a£e(tzms)con 'a_> e
(a,ina) ~the’ tidht ide ehBo#ds im @dm(ﬁg uhether 1 will produce b orc at the next

a— (¢, sy, | whereas mcgm%‘mne 2 on

,
1
e Pa P ’
p, Q) 1P p a\ LPa b 9\ 329 b g
A C R AR &




Fig. 10. Two membrane systems showing that both inclusions
Crr € LCp and Cppr <C LCp are strict. The labels are as follows:

lllj’qm = (@, (L apchr)’ 9, Q) lgbv;p;fz; = (®7 (L aubvcw), aubpb—i-q—l—l—‘rvcpc—&—r—i-w’ @)’
BT = (2, (1,5 ), a P e )

choice at next step.

Let us take the following P Algebra terms:

s2 =[2(9,a) U (a — @bd, D) U (a — Dcd, D) |2

tQ = [2 (@,(I) U (CL — @CL(S, @)]2

s1 =t = [1(a = 9b26,F)U (a — D6, ) U (b — 2b26,2) U (¢ —

Do, D) |
s = pi(s1, 52)
t= ,u(tl, tg)

Terms t and s correspond to the membranes in Fig. 10. The parts of the LTS
rooted in t and s have been partially depicted in the figure.

The LTS takes into account that t and s could be inserted within some parent
membrane, thus receiving a, b, ¢ from such a parent. For each p,q,r € IN,
the transition labeled 17" describes the computation step performed from s,
and t, for input a?bic". For readability we have depicted only one transition.
Term t reaches tp+1’q’ , i.e. a state with objects aPt'bic". Note that one of
the objects a has been produced by the membrane 2. Term s reaches either

patlr +tler where one object b has been produced

St , 1.€. a state with objects aPb?
, i.e. a state with objects aPbic™ !, where one

1
by the membrane 2, or sy®'"
PPesdr PPesdT
2,u,v,w (7’88]). l3,u,v,w )

object ¢ has been produced by the membrane 2. Label [
describes a computation step for input a“b’c® and output q“bPrTatitvcpetriw
(resp. a“bPyTITVCPtTHITW ) Syhere py and p. are values such such that py+p. =
p, and the output contains the input due to dissolution.

It holds that s ~r t and t I:F s (Note on the contrary, that s Lg t. For

oy 2 ple, (1% n,jt% &gtgé}) 45 o fai r state s but it is not a failure for state
ﬁ(czout) oreover,, it, @Q)Zlglﬁg tht“sH % land t Zgr s. In fact, {0 |p,q,r >

s
s
5 ‘0 0’0, {ZQ’ %ﬁ—h(zb,mtw > (0f zs G Feldy trace of s but it is not a ready trace of
5

¢ — (c, out)d

Pl sPeyq,T

e O
©

p,q,T
ll

lpl sPe,q,T




: 4 0,00 700,00 100,00
t. Viceversa, {I7""|p,q,r > 03, 177" {l5/ 0w 3w} S @ ready trace of t but

not of s. Hence, both (s,t) and (t,s) are in Tp\ Cgr, and (t,s) isin Cp\ Cgy.

5 Priorities

We can deal with priority by adding to evolution rules information on the
evolution rules having higher priority. Priorities are usually represented as a
binary relation on evolution rules. However, for the sake of compositionality,
we would like that each evolution rule contains some information about its
priority relationships with respect to other rules. In particular, we would like
that each evolution rule contains some information about the applicability of
rules with higher priority.

To model that a rule u — vhvo{vli}' has lower priority than all evolution rules

in a set {u; — (v}, here)(v), out)(vi,iny), ... (v} ,in, )| j € J}, our choice is
1 n;

to represent u — vpv,{vy, } with the constant ({(uj, M)} u — wvpv.{vy,}, D),

where M; = {li,..., l%j}. The interpretation is that u — v,v,{v;, } cannot be

applied if there exists some j such that all objects in u; are available and all

labels in M are labels of child membranes. In fact, in such a case, a rule with
higher priority is applicable.

In the following, a pair in V* x 2N as (u;, M;) is called a priority pair.

Hence, we assume that non—dissolving evolution rules and dissolving evolution
rules have the following forms:

(ug, My) ... (U, M) u— (vp, here)(v,, out)(vy,ing,) ... (v, iny,)

(uy, My) ... (U, M) u— (vp, here)(vy, out)(vy,inyg,) ... (vn, iny, )0

We denote them with {(u;, M;)} u — vpv.{v, } and {(u;, M;)} u — vpv.{vy, }6,
respectively.

The Priority P Algebra (PP Algebra) is defined analogously to the P Algebra.

Definition 15 (PP Algebra) The abstract syntaz of membrane contents c,
membranes m, and membrane systems ms is given by the following grammar,
where | ranges over IN and a over V:

¢ == (2,2) | ({(w, M)} u— vivo{v,}, @) |
({(ui, M) } u — vpvo{vy, }0, D) ‘ (9,a) ‘ cUc

m = [lc}l
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ms =m ‘ ms | ms ‘ p(m, ms) ‘ v

The LTS associated with PP Algebra has labels carrying information on pri-
ority. Labels can be of the following forms:

o (u,U,v,v',M,I,0", 0!, up, Mp, A), describing a computation step performed
by a membrane content ¢. The new components up, Mp, and A have the
following meaning:

- The pair (up,Mp) is a priority pair that explains the non application
of some evolution rules in ¢ with the triggering of other evolution rules
in ¢ having higher priority. Actually, we assume that all objects in up
are available, and that all labels in Mp are labels of child membranes
to which objects can be delivered. When operation [;_]; is applied to c,
and, subsequently, operation p is applied to ([;c];, ms), for any membrane
system ms and membrane label [, we have to check that our assumption
is correct. More precisely, we require that up is contained in vo’, and that
each label in Mp is a label of some membrane in ms.

- A is a set of priority pairs such that each (u, M) in A would preempt at
least one of the applied evolution rules in ¢ with the triggering of another
evolution rule in ¢ having higher priority. Actually, for each (u, M) € A,
we assume that either some object in v is not available, or some label in M
is not a label of any child membrane. When operation [;,_]; is applied to ¢,
and, subsequently, operation y is applied to ([;c];, ms), for any membrane
system ms and membrane label [, we have to check that our assumption
is correct. More precisely, we require that either u is not contained in v/,
or that some label in M is not a label of any membrane in ms.

e (M,Z,0",0!, Mp, A), describing a computation step performed by a mem-
brane system ms. The new components Mp and A have the same meaning
as in the previous case.

Rules in Fig. 11 extend those in Fig. 2 having the same name with additional
information for handling priorities. In what follows we describe only the ad-
ditional information.

Let us consider the rule (mcl,). The label shows that no evolution rule with
higher priority is applicable, namely for each ¢ either some object in w; is not
available, or some label in M; is not a label of any child membrane. Hence,
if n > 1 then n occurrences of {(u;, M;)} u — vpv,{v;,} are applied, whereas
if n = 0 the label shows that {(u;, M;)} u — vav,{v;,} is not applicable since
the multiset of objects u is not available. The case in which {(u;, M;)}u —
vpvo{vy; } is not applied since the evolution rule with higher priority enabled
by the objects u; and delivering objects to the child membranes in M; is
applicable, is described by the new rule (mcly). In rules (mc2,), (me3), and
in the new rule (mec3’), priorities are handled as in rules (mcl,), (mcly),
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IeV* nelN 1
o Log ((Liw)}.2.2 (M)} (meln)
({(wi, Mi)} u — vpvo{vy, }, &) — ({(wis Mi)}u — vpvo{vy,; }, Iv}})
u” {u},o,2
leV* (u]',Mj) € {(UZ,MZ)} (mclE))
2,1,0,0,u;,M;,0
({(us, M3)} u — vpvo{vy, }, 2) P ({(us, M3)} u — vpvo{vy, }, I)
Iev* n €N n>0 ( 9 )
0,1, Tog o 6,{(Li0] ) 12,2 (i, M1 } mesn
({(us, My)} u — vpvo{uy, }6, @) . v
u™,{u},o,2
I *
@,1,0,2 zezv{( M)} (me3)
111111 Uy 7
({(ug, M3)} u — vpvof{vy, }6, 9) - ({(ws, M)} u — vpvof{vy, }6, 1)
Tevr (uz, Mj) € {(ui, M;)} (me3)
©,1,8,0,u;,M;,0
({(ug, M)} u — vpvof{vy, }6, ) p— ({(us, M3)} u — vpvo{vy, }6,T)
Iev* MClabels({v;,}) M#@
M.1,0,2,0,0,{( 1M)} (med)
111111 U, 7
({(ui, M3)} u — vpvo{uvy, }, 9) P ({(us, Mi)}u — vpvo{vy, }, I)
Iev* M Clabels({v,}) M#o
M,1.8.9,0,0 {(u~lM )} (mcS)
{(uis Mi)} u — vpvo{v, }9, @) —————— = ({(us, My)} u — vpvo{v, }6, 1)
' ©.9,9,0
Iev* Iev*
2.,1,0,0.,9,0,0 (mc6) ©.1,0,0,2,0,0 (me7)
(@,a)4>(®71) (gva)—>(®7[a)
2,9,a,9 2.,9,8,a
Irev*
< (mc8)
2.,1,0,0,9,0,0
(9,9) ——————— (&,1)
2.9,9,0

Fig. 11. Rules for membrane contents.

and (meclj), respectively. In rules (mec4) and (mch) the label shows that no
evolution rule with higher priority is applicable. In rules (mc6), (mc7), and
(me8) priority plays no role.

Given two multisets of objects u; and wuso, let u; W uy denote the multiset
(ug Uug) \ (ug Nug). If uy (resp. ug) is a multiset of objects that are assumed
to be available so that no evolution rule in a set Ry (resp. Rs) is applicable,
then u; W usy is the least multiset of objects that should be available so that
no evolution rule in R; U Ry is applicable. This operation is exploited in the
rules in Fig. 12, which extend those in Fig. 3 with handling of priorities. In all
these rules, all priority pairs (u, M) in A; Ay are such that either some object
in u is assumed to be not available, or some label in M is assumed not to be
a label of any child membrane. Since all objects in up, W up, are assumed to
be available, and all labels in Mp, and Mp, are assumed to be labels of child
membranes, we require that either u € up, Wup, or M € Mp, Mp,. Moreover,
since all labels in M; M, are assumed not to be labels of child membranes, we
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MleﬂMlep2 = V(U,M) €A1A2.(u,@u1>l Wup, \/MZMPlMp2)

M1 Ms N Labels(O} U 0)) = @ Vvl ¥ Ut @ Us s¢olol
My,11,0],0} jup, ,Mp, Ay M3,13,0} .0} up, . Mp,,As
z1 Y1 T2 Y2
u1,U1,v1,0] u2,Uz,v2,v)
(ul)
M M3,I115,0]0],0f O} up, wup, , Mp, Mp,,A1 A
1 Uxo y1 Uy2
uiug, Uy ®Uz,v1v2,0]v)
Mi1Ma N ]\4}31]\4132 =2 V(u, M) S AlAg.(u g up, Yup, V M MPlMPQ)
M1 M; N Labels(O} U 0}) = & Vvl ¥ UL ® Uz seo]l s¢ol
MlvllvolvoivuPlvlelvAl M2Jz,0;0%»u1327MP2’A2
1 a 2 Y2
u1,U1,v1,v] uz,Usz,v2,v)
(u2)
M1 Mp,1112,0] O] Objects(y2),03 Un O3 ,up, Wup, , Mp, Mp, A1 A
x1 Ux2 \%
uiug, U1 ®Uz,v1v2,0 v}
M7y Mo N ]\4}31]\4}:-2 =< V(u7 M) S AlAQ.(U 4 up, Yup, V M Mlep2)
M1 M3 N Labels(O} U 0}) = @ vl ¥ Uy @ Uz seolnol
My,11,0],0} up, ,Mp, Ay M3,13,0},0} up,,Mp,,Aa
z1 Y1 T2 Y2
u1,U1,v1,v] u2,Uz,v2,v)
(u3)

My M3,I115,0] 0],0f U0} up, wup, , Mp, Mp,,A1 A
x1 Ux2 v

ujuz, Ui wUz,v1v2,v] v}

Fig. 12. Rules for union of membrane contents.
require that My Ms N Mp Mp, = @.

Let us consider the rules in Fig. 13, which extend those in Fig. 5 with handling
of priority. Let us take rules (m1) and (m2). Since all objects in up are assumed
to be available, we require that up C uv'. Since for each pair (u/, M') € A
it is assumed that either some object in u' is not available, or some label in
M’ is not a label of any child membrane, we require that if v’ C uv’, namely
if the objects in «' are actually available, then M’ is not empty. In such a
case, if operation p is not applied to ([;z];, ms), for any ms, then we are sure
that [ has no child with label in M’ and, if p is applied to ([;z];, ms), for
some ms, then we shall check that some label in M’ is not a label of any
child in ms. To this purpose, it suffices to carry only information on M’ in the
label of the conclusion. Let us consider rules (juxl), (jux2), and (jux3). Since
Def. 15 ensures that x; | xo cannot appear as the first argument of operation
1, namely z; and x5 cannot have any common child, we are sure that the set of
children of z; and x5 cannot furtherly change. Hence, we can assume that we
have already checked that all membrane labels that are required to be labels
of children of z; and x5 actually exist, as it appears from the fifth component
of the label of the premises, which are empty. For the same reason, we are sure
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M,1,07,0  up,Mp,A
T DEPT,y 5¢01 up Cu V(/,M')e AW Cw = M # o)
u,U,u,v’ ( 1)
m
M,{(1,1)},0T,0L,Mp ,{(2,M') | Iu’.(u',M')EAAU Cuv’}
Lz ] Lyl
M,1,07,0t up,Mp,A
it §€Ol up Cuwv' V@, M)ecA@ Cuw = M #9)
u,U,u,v’ ( 2)
m.
L] M,{(1,1)},0T,0L,Mp {(2,M') | 3u’.(u/,M’)EAAU Cuv’}
1z 1
T 7
My,7,,0,,9,9,A; M3,13,0,,9,9,A2
T Y1 T 2 5§ZOIO; —
— (juz1)
©,117,0,0,,9,9,9
z1|zo y1ly2
My,11,0] ,2,0,A; M3,75,0),2,0,A,
ry ——————————— Y1 rg ——————————— Y2 b€ 01,5 & Og (jua,‘Z)
2,11T>,(0]0])-6,0,2,0
I1|$2 Y2
M1,11,0],2,2,4, M2,13,0}.,2,2,A; .
T ————y1 3y ———— 2 €0, N0, (juz3)
Jjux
@,1172,(0]0]),2,0,0
z1|z2 v

Fig. 13. Rules for single membranes and juxtaposition of membranes.

that the labels we have assumed not to be labels of children of x; and x, and
that are carried by A; and As actually are not labels of any child of x; and
Zo, and we can set to I the last component of the label of the conclusion.

Let us consider the rules in Fig. 14, which extend those in Fig. 6 with handling
of priority. In all rules, since all membrane labels in Mp are assumed to be
labels of children of x;, we require that Mp C Labels(Z;). The rules in Fig. 13
ensure that, for each (u, M) € A, it holds that u = @. Hence, we have to
check that at least one membrane label in M is not a label of any child of x;.
Actually, we check that M ¢ Labels(Zy). Since Def. 15 ensures that p(zq,x2)
cannot appear as the first argument of operation u, namely x; and x5 cannot
have any common child, we are sure that the set of children of x; and x5 cannot
furtherly change. Hence, we can assume that we have already checked that all
membrane labels that are required to be labels of children of x5 actually exist,
and that no membrane label that is required not to be a label of any child of
x5 actually exists, as it appears from the fifth and the sixth component of the
label of the transition performed by x5 in the premise, which are empty sets.

5.1 Properties of the Semantics

First of all let us note that also the SOS rules of the semantics of the PP
Algebra respect the de Simone format, thus implying that the precongruence
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MiNlabels(To) =@ O} =T, Ol Ch MpClLabels(Zz) V(u, M) € A.M € Labels(Z)
My,{(11,11)},0] 0} Mp,A M3,12,0},2,2,2
x1 S Y1 g —— 2y 5¢0]0)]
(h1)
2,(11,11\0)),0] ,2,2,2
(@1, z2) w(y1,y2)
MiNlabels(Zo) =@ Of =7, O} CIhL  MpClabels(Zz) V(u, M) € A.M € Labels(Z)
My,{(11,11)},07 0} Mp.A Ms,T2,0) 2,0,
oy SAIDN0L 0 e A By T2, seo] s¢o0)
(h2)
2,{(11,11\0])},0] -5,2,2,2
(e, x2 Y2
MiNlabels(To) =@ O} =T, Ol CI MpClLabels(Zz) V(u, M) € A.M € Labels(Z)
My, {(11,11)},0],0} ,Mp,A Ms,75,0) 2,0,
oy — VT TR g — 22 Y2 §¢0] §e0)]
(h3)
2. {(11,11\0])},0] 2.0,2
w(z1, x2) Y1
MiNlabels(Zo) =@ O} =7, O} Ch MpClabels(Zz) V(u, M) € A.M ¢ Labels(Z)
My,{(l1,11)},0] .0}, Mp, A M2,T5,0}.2,0,2
xr1 L. Y1 x2—2>y2 JEOIQO;
— (h4)
2.{(11,[1\0,)},0,,2,9,2
w(z1, z2) v

Fig. 14. Rules for hierarchy of membranes.

results stated in Thm. 10 are still valid. Moreover, the examples given in Sect. 4
to show that the inclusions in Fig. 8 are strict in the LTS inferred from the P
Algebra are valid for the LTS inferred from the PP Algebra as well.

Theorem 16 All preorders in Def. 7 are precongruences.

PROOF. The same as that of Theorem 10. O

Corollary 17 The kernels of all preorders in Def. 7 are congruences.

Our aim is now to show that the semantics of the PP Algebra does a correct
handling of priorities. Showing that the semantics reflects maximal parallelism
can be done as in the case of the P Algebra.

In the derivation of a transition of a term of the form (R, ), or [;(R,u)];, or
w(i(R,u)];, 2"), we say that a non dissolving evolution rule (resp. dissolving
evolution rule) r in R is assumed to be enabled when a semantic rule among
(mcly,) and (mcd) (resp. (me2,), (me3), and (mcb)) is applied to infer the
transition of (r, @) exploited to infer the transition of the whole term. Notice
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that these semantic rules are precisely the rules for (r, @) assuming that no
priority pair of r preempts r.

Definition 18 Let r = {(u;, M;)} u — wvpv.{u,} (resp. r = {(u;, M;)}u —
vpv{ vy, 1) be an evolution rule and (R,u') = (R',u') U (r, &) be a membrane
content. We say that r is assumed to be enabled in the derivation of a tran-

., M,1,01,0up,Mp,A
sition (R, u') et

T x inferred by applying the semantic rule either
N My,1,0],07 up, ,Mp, ,A
(ul) or (u2) (resp. (u2) or (u3)), with premises (R, u') ——— 70 )

/
u1,U1,01 ,U1

M>,15,0,0% upy,Mp,,As
and (r, @) 2

Yo, if and only if this latter premise is inferred
ug,Uz,v2,v)

by applying the rule (mcly) or (mcd) (resp. (mc2,), or (me3), or (mc5)).

Moreover, r is assumed to be enabled in the derivation of a transition per-
formed by the membrane [|(R,u')]; inferred by applying the rule (m1) or (m2)
with a transition of (R,u’) in which r is assumed to be enabled as premise

Finally, r is assumed to be enabled in the derivation of a transition performed
by the hierarchy p([;(R,u')];,«") inferred by applying a rule in (h1)—(h4) with
a transition of [[(R,w')]; in which r is assumed to be enabled as premise.

To show that priorities are handled correctly, we can show that the transitions
in which an evolution rule r is assumed to be enabled can be derived only if
either some of the objects or some of the child membranes needed to trigger
the rules with higher priority are not present, namely no priority pair of r
preempts r. To this aim, we prove two theorems. The first theorem states
that, if 7 is assumed to be enabled in the derivation of a transition performed
by a membrane [;(R,«’)]; with 7 in R, then, for each of the priority pairs of r
in which no membrane label appears, at least one object among those in the
priority pair is not in u’. Notice that in this case we do not consider priority
pairs in which at least one membrane label " appears. The reason is that,
since [ has no child, we are sure that no membrane labeled I’ can be a child
of [. The second theorem states that, if r has some membrane label I’ in its
priority pairs and is assumed to be enabled in the derivation of a transition
performed by the hierarchy u([;(R,w')];, ') with 7 in R, then no membrane in
2’ has label I'. Notice that in this case we do not consider objects in priority
pairs since they play no role in hierarchy.

To prove the first theorem we need the following lemma, which states that
if a rule r is assumed to be enabled in the derivation of a transition of the
membrane content (R,u'), then the label of the transition keeps track of all

priority pairs that would preempt 7.

Lemma 19 If a rule {(u;, M;)} u — vpvo{u, } or {(us, M;)} u — vpv.{uy, }o is
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. . . . M, 1,0",0% up,Mp,A
assumed to be enabled in the derivation of a transition (R, u’) e

x, then {(u;, M;)}C A.

u" U0’

PROOF. By induction on the derivation of the transition. The base cases are
when one of the semantic rules in Fig. 11 is applied. The property {(u;, M;)} C
A is satisfied in the cases of (mcl,), (mc2,), (me3), (mcd) and (mcb), while
in the other cases either there is no evolution rule, or the evolution rule is
not assumed to be enabled. The induction cases are when one of the rules in
Fig. 12 is applied, and in this case the induction hypothesis can be applied
trivially. O

Theorem 20 If an evolution rule v = {(u;, M;)}u — vpv.{u,} or r =
{(us, M)} u — vpv.{vy, }d is assumed to be enabled in the derivation of a tran-
sition [;(R,u")]; MIOLOLMpA x, then, for all (v,@) € {(u;, M;)}, it holds
that v € u'.

1oL
PROOF. By Def. 18 we know that transition [;(R,u')]; MLOOMeA, o s

derived by applying semantic rule either (m1) or (m2), and by using as premise

.. M,1,01,0% up,Mp,A’
a transition (R, u’)
'U//,U,'U//,UI

By Lemma 19 we know that {(u;, M;)} C A’. Finally, by definition of (m1) and
(m2), we have that, for all (v, @) € {(u;, M;)}, it holds that v € u"v' = /. O

y in which r is assumed to be enabled.

To prove the second theorem we need the following lemma, which states that if
a rule r is assumed to be enabled in the derivation of a transition of the mem-
brane [;(R,u)];, then the label of the transition keeps track of the membrane
labels that should not appear in any membrane system put inside [;(R, u)];.

Lemma 21 If a rule {(u;, M;)} u — vpvo{vy, } or {(u;, M;)} u — vpv.{uy, }d is
M,1,01,04, Mp,A

assumed to be enabled in the derivation of a transition [;(R,u'))]
x, then, for each (v, M") € {(u;, M;)} such that v C ', it holds that (&, M') €
A.

PROOF. Similar to the proof of Theorem 20. O

Let Lab(zy | ... | ), where z; is either [;,(R, u)];, or u([;,(R,w)]s;,v:), be the

i

set of labels of the juxtaposition of membranes, namely the set {ly,...,[,}.
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Theorem 22 If an evolution rule v = {(u;, M;)}u — vpv.{u,} or r =
{(us, M)} u — vpvo{v, }o is assumed to be enabled in the derivation of a

transition p([;(R,u)];, ) MIOLOLMpA y, then, for all (v, M') € {(u;, M;)}
such that v C ', it holds that M' € Lab(z).

PROOF. By Def. 18 we know that the transition pu([;(R, )], x) MIOLONMp A

y is derived by applying a semantic rule among (h1)—(h4), and by using as
M;,1,,0],08 , M}, A

a premise a transition [;(R,u’)]; y in which r is assumed to

be enabled. By Lemma 21 we know that for all (v, M") € {(u;, M;)} such
that v C o/, it holds that (&, M) € A’. Finally, the other premise of the rule

;
(h1) — —(h4) has the form x M2,12,05,9,2,9

implies that M’ Z Labels(Z,) = Lab(z). O

2’, and the constraints of the rule

6 Future Work

It would be worth developing axiomatic semantics characterizing equivalent P
Systems. Namely, given any equivalence relation, we should provide a set of
syntactical transformations between terms being correct and complete w.r.t.
the equivalence considered. This has application in program transformation
and proof by rewriting.

In the field of classic process calculi, axiomatic theories are well established
since the eighties [6,15], and, for languages in suitable classes, algorithms have
been developed to obtain axiomatizations in a syntax-driven way (as examples,
see [1,2]). A central idea in the mentioned papers is that concurrency can be
simulated by interleaving, namely the concurrent execution of two actions, say
a and b, is simulated by the nondeterministic choice between performing a and
subsequently b, or conversely, b and subsequently a. This is possible because
processes running in parallel run at different rates, and one cannot predict
the relative temporal order between their actions. Concurrent processes can
be reduced to nondeterministic choices of sequential processes that are called
head normal forms.

Let us take now the P Algebra terms (¢« — @bg, @) and (¢ — @d, &). Their
union w.r.t. operation (- U _) can be viewed as a parallel composition of two
terms, each representing an evolution rule. Since these rules are in the same
membrane, they are applied with maximal parallelism, so that n occurrences of
a and m occurrences of ¢ imply n application of the first rule and m application
of the second rule, so that n occurrences of b and m occurrences of d are sent
to the outer membrane. Now, the behavior of (a — @02, @) U (¢ — @dD, &)
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cannot be equivalent to the behavior of any membrane content having only
one evolution rule. This implies that parallelism cannot be reduced, at least
at membrane content level. As a consequence, the work by [6,15] based on
reduction of parallelism and on head normal forms cannot be adapted to P
Systems setting in a trivial way. Similar problems arise in axiomatizations for
synchronous languages, where parallelism cannot be reduced since processes

running in parallel are perfectly synchronized and proceed at the same rate
[20,21].
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