Towards a P Systems Normal Form
Preserving Step—by—step Behaviour

Roberto Barbutit Andrea Maggiolo-Schettini®
Paolo Milazzo! Simone Tini?

1. Dipartimento di Informatica, Universita di Pisa
Largo Pontecorvo 3, 56127 Pisa, Italy

2. Dip. di Scienze della Cultura, Politiche e dell’Informazione
Universita dell’Insubria
Via Valleggio 11, 22100 Como, Italy

Abstract

Starting from a compositional operational semantics of transition P
Systems we have previously defined, we face the problem of developing
an axiomatization that is sound and complete with respect to some be-
havioural equivalence. To achieve this goal, we propose to transform the
systems into a unique normal form which preserves the semantics. As a
first step, we introduce axioms which allow the transformation of mem-
brane structures with no dissolving rules into flat membranes. We discuss
the problems which arise when dissolving rules are allowed and we suggest
possible solutions. We leave as future work the further step that leads to
the wanted normal form.

1 Introduction

We have recently defined a compositional operational semantics of P Systems
as a labeled transition system (LTS) [2]. The class of P Systems we have con-
sidered are the so called transition P Systems with dissolving rules and without
restrictions on evolution rules. In the definition of the semantics, P Systems
are seen as reactive systems, namely as systems that can receive stimuli from an
environment and can react to these stimuli, possibly by sending some reply back
to the environment. In particular, membranes are seen as the entities that can
receive stimuli, in terms of objects, from an environment. The environment of a
membrane can be another membrane containing it and having some rules which
send objects into it. As an environment of a membrane we consider also other
membranes possibly contained in it and having some rules which send objects
out. The objects received by a membrane from the environment could enable
the application of some rules of the membrane that eventually could send some
objects back to the environment, namely to outer and inner membranes.

The LTS we have defined allows us to observe the behavior of membranes
in terms of objects sent to and received from inner and external membranes. A



state of the LTS is a configuration of the considered P System, and a transition
from a state to another describes an execution step of the P System, in which
rules are applied according to maximal parallelism in all the membranes of the
system. Transitions are labeled with the multiset of objects received from the
environment, the multiset of objects sent to outer membranes, and the multiset
of objects sent to inner membranes in the described execution step. Other
information carried by labels is needed to build the LTS in a compositional way.
This means that the semantics of a complex system can be inferred from the
semantics of its components.

In [2] we have proved that some well-known behavioural equivalences such
as trace equivalence and bisimulation defined on our LTS are congruences. This
means that if we can prove that a membrane system that is a component of
some bigger system is behaviourally equivalent to another membrane system,
then the former can be replaced with the latter in the bigger system without
changing the global behaviour. In other words, there exists no environment
in which the bigger system with the original component reacts differently to
stimuli with respect to the same system with the replaced component.

Behavioural equivalences are powerful analysis tools as they allow us to
compare the behaviours of two systems and to verify properties of a system
by assessing the equivalence between such a system and another one known to
satisfy those properties. However, proving behavioural equivalence is not easy
because the semantics of a system often consists of infinite states and infinite
transitions. For this reason, it is usually important to find an axiomatization
of some behavioural equivalence, namely a sound and complete characterization
of the equivalence in terms of axioms on the syntax of systems. In this way
the equivalence between two systems could be proved by showing that there
exists a sequence of applications of such axioms that transform one system into
the other. This allows the proof of the equivalence to be performed without
considering the (possibly complex) semantics of the compared systems, and this
usually favors the development of tools for the comparison of systems.

We would like to define a sound and complete axiomatization of the seman-
tics we have given in [2]. It is not easy to prove soundness and completeness of
an axiomatization, namely that axioms relate behaviorally equivalent systems
and that all behaviourally equivalent systems are in the relation characterized
by the axioms. In particular, completeness proof is usually difficult. What can
help to prove this result is a notion of normal form to which all the considered
systems can be reduced. This could allow the set of axioms to be split into two
subsets: one consisting of the axioms that can be used to bring the systems into
their normal form and the other consisting of axioms that relate systems in nor-
mal form. This, in turn, could allow the proof of completeness to be simplified
by considering only the axioms in the second set.

In this paper we perform the first steps towards the definition of a normal
form for P Systems preserving behavioural equivalences. In particular, we face
the problem of determining the membrane structure of the normal form of a
system. We start by considering P Systems without dissolving rules, and we
show, by giving a few axioms, that any P System in this class can be transformed
into an equivalent P System consisting of one only membrane (a flat system).
In order to obtain this result we slightly enrich the membranes of a P System,
namely we associate with each membrane an interface, that is a set of objects
that are allowed to be received by the membrane from the environment.



We also discuss the problem of considering P Systems containing dissolving
rules. We show that in this case it is no longer possible to find an equivalent
flat form, but we discuss how an alternative “standard” form can be reached.

Related work Operational semantics for P Systems have been proposed in
[1, 5, 6, 8. All these semantics are not compositional and have no notion
of observable behavior. In fact, they have not been defined with the aim of
developing behavioural equivalences. In particular, [1] aims at simplifying the
development of an interpreter of P Systems proved to be correct, [5] aims at
proving the decidability of the divergence problem for the considered variant
of P Systems, [6] aims at describing the causal dependencies occurring between
applications of rules of a P System, and in [8] a formal framework is proposed
to describe a large number of variants of P Systems.

The flattening result we obtain by considering P Systems without dissolv-
ing rules is similar to the result given in [3], where a notion of computational
encoding is introduced and used to show that n-PBR Systems (PBR Systems
with n > 0 membranes) can be simulated by 0-PBR Systems (PBR, Systems
with no membranes). We refer the reader to [4] for an introduction to PBR
Systems. The difference between the result given in [3] and ours is that the
axioms we give to transform a P System into its flat form is proved to preserve
our compositional semantics, hence it is sound with respect to any behavioural
equivalence. The flat system we obtain can replace the original one in any bigger
system without changing the global behaviour.

Another normal form of P Systems is introduced in [9], where it is shown
that any P System of grade k (namely, in which the depth of the membrane
nesting tree is k) consisting of a composition of n membranes can be reduced
to an equivalent P System of grade 2 with the same number of membranes. In
this case the P System in normal form is equivalent to the original one in the
sense that it can generate the same language, where a word of the language
is the concatenation of the objects sent outside the skin membrane during the
execution of the system. This means that the original system and the one in
normal form can be considered as equivalent even if one of the two performs
additional steps in which no objects are sent out of the skin. The notion of
equivalence we consider here, instead, is stronger. In fact, in order to ensure
that a system in normal form can always replace its original system in any
context, we need to require that the two systems are step—by—step equivalent.

2 The P Algebra: Syntax and Semantics

In this section we recall the P Algebra, the algebraic notation of P Systems we
have introduced in [2]. Constants of the P Algebra correspond to single objects
or single evolution rules, and they can be composed into membrane systems
by using operations of union, containment in a membrane, juxtaposition of
membranes, and so on. Terms of the P Algebra are the states of the LTS.

We assume that objects belong to an alphabet V', and we assume the usual
string notation to represent multisets of objects. For instance, to represent
{a,a,b,b,c} we may write either aabbc, or a?b?c, or (ab)?c. We denote multiset
(and set) union as string concatenation, hence we write ujus for u; Uus. For the
sake of readability, we shall write u — vpv,{vy, } for the generic non-dissolving



c a — (cd, out)
e — (a,ing)

a — (aa, here)

a — (a, here)
ac — (a, out)d

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

evolution rule u — (vp, here)(ve, out)(ve, ing, ) ... (v, iny, ), and u — vpve{vy, }0
for the similar generic dissolving evolution rule.
The abstract syntax of the P Algebra is defined as follows.

Definition 1 (P Algebra) The abstract syntaz of membrane contents ¢, mem-
branes m, and membrane systems ms is given by the following grammar, where
l ranges over IN and a over the set of object names V :

c = (2,9) | (u—vavo{v,}, @) | (u— vave{v,}6,2) | (@,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 v is a multiset of objects. A membrane content is obtained through the
union operation _U _ from constants representing single evolution rules and con-
stants representing single objects, and can be plugged into a membrane with la-
bel [ by means of the operation [; -]; of membranes m. As a consequence, given a
membrane content ¢ representing the pair (R, u) and I € IN, [; ¢]; represents the
membrane having [ as label, R as evolution rules and u as objects. For the sake
of simplicity, we shall usually write (R1Rs2, ujus) for (Rqu1) U (Ro,usz), [ju];
for [; (@, u)]; and [ u; = vp1ve1{v1 ), -« s UL = VnnVon{Vim b u]; for [ (R,u)];
if R ={u1 — vp1vor{vi1}, .-, u1 = VpnVon{vin}}

Membrane systems ms have the following meaning: ms; | msa represents
the juxtaposition of ms; and mss, u(m, ms) represents the hierarchical compo-
sition of m and ms, namely the containment of ms in m, and v represents the
dissolved membrane. Juxtaposition is used to group sibling membranes, namely
membranes all having the same parent in a membrane structure. This operation
allows hierarchical composition p to be defined as a binary operator on a sin-
gle membrane (the parent) and a juxtaposition of membrane (all the children)
rather than on n+ 1 membranes, for any possible number of children n. Finally,
the dissolved membrane v will be used in the definition of the LTS to denote
the state of a membrane after the application of one of its dissolving rules.

As an example, the P System shown in Figure 1 corresponds to the following
membrane system:

p( [1a— (cd,out), e — (a,ing), el1 ,

[2a — (aa, here), a — (a, here) , ac — (a,out)d, clz ).



Moreover,

a P System similar to the one shown in Figure 1, but in which mem-

brane 1 contains also a membrane with label 3 containing, in turn, an object a
and no rules, corresponds to the following membrane system:

:u( [10’ - (Cd70Ut)a € — (CL,iHQ), 6]1 )

[2a — (aa, here), a — (a, here), ac — (a,out)d, cla | [3a]s).

The semantics of the P Algebra is given in terms of an LTS, namely a triple

(S, L, {5

| £ € L}), where S is a set of states, L is a set of labels, and Lcsxs

is a transition relation for each £ € L. As usual, we write s — s’ for (s, el
LTS labels can be of the following forms:

o (u,U,v,v',M,I,0",O'), describing a computation step performed by a
membrane 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 c, 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 operation [;_]; is applied to ¢, it is required that
no multiset in U is contained in v’, thus implying that no evolution
rule in ¢ can be further 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 labeled [, but no child membrane labeled [ exists. When
the operation y is applied to ([i¢]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 input from the parent mem-
brane and from the child membranes.

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

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

e (M,Z,07,0'), describing a computation step performed by a membrane
system ms, where: 7 is a set of pairs (I;,v;,) describing the multiset of
objects received as an input by each membrane I; in ms, and M, OT and
O! are as in the previous case.



a — (b, out)
¢ — (c3, here)  qe

a — (b, out)
¢ — (c,ing)
3

¢ — (a, out)
c

c3 — (a,here) ¢,
ac

Figure 2: An example of flattening of a P System without dissolving rules.

2:abc 2:abc
a — (b, out)

a — (b, out)
¢ — (c3, here)  qe

¢ — (c,ing)
3:abc

c3 — (a, here) ¢,
ac e — (a, out)
c

Figure 3: An example of flattening of a P System without dissolving rules in
which membranes are enriched with interfaces.

Components I, O, O in labels of the first form, and components Z, Ot, OT
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 be-
havior of membrane contents compositionally. For the same reason M is used
in both forms of labels.

Now, LTS transitions are defined through SOS transition rules of the form
%, where the premises are a set of transitions, and the conclusion is
a transition. Intuitively, SOS transition rules permit us to infer moves of P
Algebra terms from moves of their subterms. Rules of the semantics are given
in Appendix A.

3 Flattening Systems without Dissolving Rules

As shown in [3], any transition P System with a fixed membrane structure (i.e.
without dissolving rules) can be reduced to a flat form in which the membrane
structure consists only of one membrane. If we assume that membrane labels
of a P System are unique, this result can be obtained by moving objects and
rules of inner membranes into the external membrane, after suitable renaming.
An example of application of this technique is shown in Figure 2. However,
the behaviour of the flat membrane is the same as the behaviour of the origi-
nal membrane structure only under the assumption that the membrane cannot
receive any object from the external environment. In fact, if the external en-
vironment could send to the flat membrane an object that is the renaming of
some object originally in an inner membrane, this could enable the application
of some rules among those that have been added to the external membrane by



the flattening technique. In the example of the figure, if the environment could
send an object c3 inside the membrane on the right, this would enable the ap-
plication of rule ¢3 — (a, here) which would result, after one more step, in the
output of a b that would not be sent out by the original system.

To solve this problem we consider a slightly extended variant of P Systems
in which each membrane is enriched with an interface, namely a set of objects
representing the only objects that can be received from the environment. This
means that if in the environment of a membrane there is a rule willing to send
into it some objects that are not in the corresponding interface, then such a rule
will never be applicable. Note that this extension is rather conservative, namely
it is always possible to find a set of objects large enough to ensure that the
behaviour of a P System extended with interfaces is the same as the intended
behaviour of the original P System. As an example, in Figure 3 we extend the
P Systems of Figure 2 with interfaces (placed together with membrane labels),
and we obtain that in this case the behaviour of the two systems is really the
same, as now the environment cannot send c3 into the external membrane.

Now we formally define the syntax of the P Algebra extended with interfaces
on membranes. The main difference with respect to the original syntax, given in
Definition 1, is that the operation [; _]; of membranes m is extended with a set
of objects i. Moreover, since we aim at introducing a notion of flat membrane,
namely a membrane which cannot have inner membranes, we extend the syntax
of the P Algebra also with a new operation [, _]]} denoting a membrane that
cannot be used as the first operand of a u(-, ) operation.

Definition 2 (P Algebra with Interfaces) The abstract syntax of membrane
contents ¢, membranes m, and membrane systems ms is given by the following
grammar, where | ranges over IN, a over V and 1 C V:

c = (2,9) | (u—vavo{v,}, @) | (u— vave{v,}6,2) | (@,a) | cUc
m = [ c]!
ms z=m | ms|ms | p(m,ms) | [ic]} | v

We also give the formal definition of the semantics of the P Algebra extended
with interfaces on membranes. The main difference with respect to the original
semantics is that the objects that can be received as an input by a membrane
must belong to the interface of the membrane itself. Moreover, the new seman-
tics has also to describe the behaviour of the new operation [; -]i. Formally, the
SOS rules of the semantics of the P Algebra with Interfaces can be defined by
starting from those given in Appendix A. In order to describe the behaviour of
interfaces we replace rules (m1) and (m2) with the following four rules:

M,2,0T,0t
2,01,0°, 1

v u,U,u,v’ 0 ¢ 0
. M,o,01,0! .
hz]; ———ly];

(m1’)

T 1
MIU&) §¢0! Set(I)Ci I+0
u,U,u,v (ml”)
; M.,(1,1),01,0! i
2] ———— [yl




M,z,0",0!
g 22Oy 5e0l
u,U,u,v’
i M,2,07,0!
Lz]] >V

(m2")

T ot
g OO Se0l Set(l)Ci [#£ @
uw,U,u,v’

(m2”)

. M,(1,1),07,0!
iz]) ————v

where Set(I) is the underlying set of multiset I, namely the set of all the objects
occurring in I. The rules (m1’) and (m1”) replace the old rule (m1). Here
we distinguish the case I = @ and the case I # &, since we prefer to have
@ instead of (I, @) in the label component showing inputs received from the
environment. Finally, in order to describe the behaviour of flat membranes we
add the following four rules:

.
M,2,0",2 50!

u,U,u,v’

. M,2,07.2
iz ]}

M, 1,01 @
_—

: (fm1’)
Lyl

5ZO0! Set(I)Ci I+o

u,U,u,v’

(fm1")

M,(1,1),01,8

2] ———— L]

M,z,0",>
e §e 0!

u,U,u,v’

[[l " ]]; M,o,0" @ v

(fm2)

:
MLOZ  5e0l Set(I)Ci 4@

iz]]

Notice that rules for [; 2] require that the multiset of objects sent to inner
membranes (fourth component of the label) is empty.

The new semantics rules, similarly to all the other rules of the semantics,
respect the constraints of the well-known de Simone format [7] which ensures
that all the behavioural equivalences considered in [2] are congruences.

Now, the flattening technique for systems without dissolving rules can be
expressed be means of axioms. We first give some basic axioms on the com-
mutativity and associativity of the operations of the P Algebra and on simple
properties of membranes with empty interfaces and of flat membranes.

u,U,u,v’

(fm2")

M,(1,1),01,2
e 0Py

Definition 3 (Basic axioms) The basic axioms are the following:

cpUcs =coUc (Ul)

c1 U (02 U 03) = (01 U 02) Uecs (UQ)

msy | msa = mss | msy (h)

msy | (mse | ms3) = msy | (msa | mss) (l2)



[llc]ﬁ = [lzc]i (Zfl)

ms=ms|[R,@| (if2)
[[ll C]]ﬁ = [[lzc]]g (Zf?))

ms=ms|[R, 2]/ (if4)
[[ll C]]fl =W ([ll C]fl ) [lz R, Q]lzz) (fml)
[[ll C]]fl =M ([ll C]fl ) [[lz R, @]]Z) (fm2)

The first four axioms state commutativity and associativity of union of mem-
brane contents and juxtaposition of membrane systems. Axiom (if1) states that
if a membrane has empty interface then its name /3 can be changed into . The
reason is that /; cannot receive any object from any outer membrane, and any
evolution rule sending objects to [; is never applicable. Axioms (if2) and (fm1)
state that a membrane with no object and with empty interface can be juxta-
posed with any membrane system or inserted inside another membrane, since
its rules are never applicable. Axioms (if3), (if4) and (fm2) are the same as
(if1),(if2) and (fm1), respectively, but dealing with flat membranes.

The flattening technique we are going to define is based on renaming of
objects. In the example of Figure 3, the object ¢ contained in membrane 3 is
renamed into c¢3 when it is moved to membrane 2 in order to distinguish it from
the other object ¢ that occurs in membrane 2. Consequently, rules of membranes
2 and 3 have to be modified before merging them in membrane 2 resulting from
flattening. For this reason, we define two functions Flatln and FlatOut. The
former gives the result of the renaming of the rules of the membrane that is
removed by the flattening. The latter gives the result of the renaming of the
rules of the membrane which contains the one that is removed. In order to avoid
ambiguities, in the definitions of Flatln and FlatOut we shall use the notation
u — (vp, here)(vo, out)(vy, ,ing,) - .. (v, ,ing, ) for evolution rules rather than the
more compact notation u — vpv.{uvy, }.

We assume that the alphabet V' is partitioned as follows: V = VU(Up e+ V2)s
where V is the set of all objects without subscripts and V7, is the set obtained
by adding L € INT as a subscript to each object of V. In other words, if
V = a,b,c,..., then Vi = ay,b1,¢1,..., Via = a1.9,b1.2,¢1.2,... and so on.
Moreover, let Rid(u,!) denote the multiset obtained by replacing each occur-
rence of each object ay, in u with an occurrence of object ar.;. For example,
Rid(aabcee, 3) = azagbscscses = a3bscy, and Rid(aaibbe, 3) = azai.3bsbe.3. The
functions Flatln and FlatOut are defined as follows:

Flatln (u — (vp, here)(v,, out)(vy, ,ing, ) ... (v, ,ing, ), 1) =
Rid(u,1) — (Rid(vp,1)v,, here) (&, out) (v, ,ing, ) . .. (v, ,ing,)
)

FlatOut (u — (vp, here)(vo, out) (v, ing, ) ... (v, ing,) ... (v, ing,), 1) =
u — (vpRid(vy,, 1;), here)(vey, out)(vy, ,ing, ) ... (S,iny,) ... (v, ,ing,)

Both Flatln and FlatOut take a rule and a membrane label as arguments,
and give a new rule as result. In both cases the membrane label represents
the label of the membrane that is removed by the flattening. In the first case
such a label (denoted [) should not occur in the evolution rule, as the rule is



l:abe

ea — (e, here)(b, out)

4:abe

e — (e, out)
e

(&

b — (b, out)

ea — (e, here)(a, ins)(a, ing)

Figure 4: An example of P System.

assumed to be one of those of the inner membrane involved in the flattening.
In the second case the label certainly occurs in the evolution rule (in fact it is
denoted 1;) as the rule is assumed to be one of those of the outer membrane
involved in the flattening. With abuse of notation we shall write FlatIn(R, ) for
{FlatIn(r,1) | € R}, and FlatOut(R,!) for {FlatOut(r,l)|r € R}.

Now, the flattening technique is expressed by means of the following axioms.

Definition 4 (Flattening axioms) Let Ry and Ro be sets of evolution rules
containing no dissolving rule, and let R1 and w1 contain no objects in Vi,.,.
The flattening axioms are the following:

ms }é \%) VL-l2 n il =g FIatOut(Rl, lg) = Rll FIatIn(RQ, 12) = R/Q
H ([ll Ri,u1 ]E ) [12 R27u2];§ | ms) =p ([ll RllRévulRid(u% 12)];1 ) ms)

(f1)

ms }é \ VL-l2 N il =g FIatOut(Rl, lg) = Rll FIatIn(RQ, 12) = R/Q
il Riyun ity [ Royue]p2 [ ms) = p ([, RERY, wiRid(uz, o) ];! , ms)

(f2)

VL-l2 n il = O FlatOut(Rl,ZQ) = Rll F|a~t|n(’]€27 12) — 73,/2
ol R ly) s B Royuzi2) = [ RIRYG , uaRid(us, o) ;)

(f3)

VL-l2 n il =g FIatOut(Rl, 12) = Rll FIatIn(RQ, lg) = R/Q
H ([ll Ri,u ]E ) [[lz Ra,uz ]];Z) = [[ll RIIRI2 ) ulRid(UQa 12) ]]Z

As an example, let us consider the P System in Figure 4 which corresponds to
the P Algebra term ¢t = p(my , ma | p(ms, myq)) where:

(f4)

my = [1 R1,e]?¢ with Ry = {ea — (e, here)(a, iny)(a, ins), b — (b,out)}
my = [ Ra, @3¢ with Ry = {a — (b, out)}
ms = [3 R3, @3¢ with R3 = {ea — (e, here)(b, out)}
my = [4 Ra, e3¢ with Ry = {e — (e, out)} .
Now, we have that

p(ms,ma) L[5 FlatOut(Rs, 4)Flatin(Ry, 4) , @Rid(e, 4) ]2t

= [sea — (e, here)(b,out), es — (e, here) , es 3%

10



Let us denote with fmg the flat membrane we have obtained. Now, we can go
on applying axioms as follows:

t = p(mi, ma| p(ms,ma)) = p(mi, me | fms)

=" u([1 FlatOut(Ry, 2)Flatin(Rs,2), eRid(2,2) ],

[s ea — (e, here)(b,out), es — (e, here), 64]]§b8 )

= u([1ea — (eaq, here)(a,ing), b — (b,out), ag — (b, here), e]‘llbe ,
[sea — (e, here)(b,out), es — (e, here), 64]]§be )
)

=" [1ea — (eazas, here), b — (b,out), az — (b, here

esaz — (es, here)(b, out) , es3 — (e3, here) , eeq3 4%

Proposition 1 (soundness) The portions of the LTS that are rooted in terms
equated by azioms (f1)—(f4) are isomorphic.

Proof. We start with the proof for (f1). We prove that the portion of the
LTS rooted in z ([;, R1, w1 I [ Rasua ]2 | ms) is isomorphic to a part of the
portion of the LTS rooted in p ([;;, R{RY, u1Rid(usz, I2) ]ﬁ , ms). More precisely,
we prove that, given any transition u ([;, R1,u ]ﬁ s [1s Ra, us ]E | ms) L ¢, for
any term ¢, then there is a transition u ([;, R} /2,U1Rid(u2,12)];;i , ms) Ly
such that ¢ and ' are equated by the same axiom (f1).

Take any transition from g ([, Ri,u1]}", [1, Ra,u2];? | ms). Such a transi-
tion must be inferred from a transition of each of its three components. These
three transitions have the following shape:

Mh{(llel)}xOLO%

[ll R17u1]lii [ll Rlvull]ﬁ (1)
i M2 {(l2,I2)},0},@ i
1, Ra, ug |17 ——"—— |1, Ro, b ]2 (2)
T
ms 202 (3)

Then, transitions (2) and (3) originate transition

A2, ,0loT, ;
1% {(2 12)}1 2 2 [[2 R27ul2]12 | ms' (4)

l2

1, R, us ]

l2

by semantic rule (juzl). The transition from p ([, R, us ]ﬁ, [1s Ra, u2 ]E | ms)
is inferred through semantic rule (k1) from (1) and (4) and takes the shape:

o ([1, R, ua ]ﬁ i R2,u2]lij | ms)
2.{(ln,h\(0T0))},0].2

2 ([h Ri, ull ];i ) [lz Ra, u/2 ]E | mS,) (5)
provided that:
1. O} =T U{(ls, L) };

2. 00} c 1.
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Note that the first constraint above implies that there exists some Oil such that
Of = {(l2, )} U O} (6)

Now, (1) can be inferred through (m1’) or (m1”). The two cases are similar,
let us assume the case (m1l’). Analogously, let us assume that (2) is inferred
through semantic rule (m2’). The two originating transitions have the shape:

My,11,0] {(l2,I12) }uO*

(Ra,u1) (R, uh) (7)

’
v1,U1,v1,v]

Ms,I,,0) @
(Ra, ug) —222

, (R27 ul2) (8)
1}2,U2,’U2,’U2

for suitable values vy, Uy, v}, va, Us, V5.

Notice that this implies that Set(l;) C ¢;. From (7) we infer

My, 1},010
_

(Ry,u1) (R, uy \ (Rid(I2,12))) 9)

v1,U1,v1,0]
By removing input O; we infer

T ol o't
(R, uy) 0020000 (1 i\ (O)Rid(I, 1)) (10)

’
v1,U1,v1,0]

From (8) we infer:

M» 2,0,
—_—

(Rh, Rid(uz, 12)) (Rh, Rid(uj \ I2, 12) O}) (11)

S TT an o
v2,U2,v2,v5

where ¥y, U, U denote Rid(vg,l2), Rid(Us,l2), Rid(v),l2), respectively.
Through semantic rule (ul), from (10) and (11) we infer

,1\0},0],07 i
M1 Mz2,1:\O,,0, lA ('R’l '2,u/1Rld(UI2712)) (12)

o 7 PN
v1v2,U1 ®U2,v192,v] v5

(RllRIQ, U1l Rld(UQ, lz))

By applying semantic rule (m1), which is applicable since Set(l7) C i1, we infer:

Mle-,{(lhIl\O;)})OI#O/ll

1 iR, wiRid(us, 1) ]} 1 RYRS, wiRid(uh, 12) ]}

(13)
We already know that O} = ZU{(ly, )}, 'O} C I, and O} = {(ly, I,)} UO}*.
Therefore, O’ll ~Zand O C I\ O;. So, we can apply the semantic rule (hl)
to infer that (3) and (13) originate

11 ([1, RARY, uaRid(ug, 12) i, ms)

@, {(l:,1\0'0o})},0!,2

1 ([, RyRY, wiRid(uh, 1) )it ms') . (14)

Summarizing, we have proved that if we take any transition from term
([, Ru,un it 1, Ra,uz])? | ms) we have a corresponding transition from term

12



2:abc 2:abc
a — (b, out)
¢ — (c3, here)l-a  ac

a — (b, out)
¢ — (e,ing)

3:abc c3 — (ad, here)|-a azey

as — (b, out)|a

Figure 5: Example of flattening in which the inner membrane contains a dis-
solving rule.

1 ([1; R1RY, wiRid(us, l) ]ﬁ , ms), where the two transitions have the same label
and have terms related by axiom (f1) in the right side.

The converse is similar, with the use of premise V,.;, Ni; = @.

The proof of the case of axiom (f2) is the same as the one of axiom (f1), but
for minor differences in transition labels. Moreover, the cases of axioms (f3)
and (f4) are analogous to the case of (f1) and (f2), respectively, thanks to basic
axioms that allow us to rewrite the term [;, R1RY, uiRid(uz,l2) ]]ﬁ as the term

12 ([ll R/l /2, 'LLlRid-(UQ, 12)];1 y [l @]?) and 1% ([ll Rl,ul ];i ) [[12 RQ,UQ]];;) as the
term g ([1, Ru,ur ], [, Re,ua ]2 [ 1 2]7). O

Theorem 1 Any membrane system w(m, ms) with multisets of objects and evo-
lution rules built over V, without dissolving rules and with membranes having
unique labels, can be reduced to an equivalent flat membrane.

Proof. This can be proved by induction on the number of membrane nodes in the
membrane nesting tree of u(m, ms). If the membrane nesting tree contains two
membranes, namely p(m, ms) is either p([;, ¢1 )1y, 1 €2 ]1,) or w([i; €1 1iys [z €2 i),
then the proof follows immediately from axioms (f3) and (f4). If the mem-
brane nesting tree contains more that two membranes, then the proof can be
done by resorting to the induction hypothesis after applying one of the axioms
(f1),(f2),(f3) and (f4) to one of the leaves of the tree.

Since the size of a term is always finite (and consequently the membrane
nesting tree is finite) the flat form is reached after a finite number of steps. The
facts that no dissolving rules are present, that multisets of objects and evolution
rules are built by using objects from V and that membranes are labeled with
unique labels, ensure that the assumptions and the premises of the axioms are
always satisfied. Finally, Proposition 1 ensures that all the applications of the
flattening axioms preserve the behaviour, hence the behaviour of the final flat
membrane is equivalent to the one of the original membrane system. [J

4 Problems that Arise with Dissolving Rules and
Possible Solutions
In the membrane obtained by our flattening technique, dissolution of a mem-

brane contained in another one has to be simulated. In general, when a dis-
solving rule is applied in a membrane, we have that (i) the objects of such a

13



2:abc 2:abc

a — (b, out)d a — (b, out)d
¢ — (c,ing) ¢ — (cg, here) ac

3:abc

c3 — (a, here) 3

ac [ ¢ — (a,out)
c

Figure 6: Example of flattening in which the outer membrane contains a dis-
solving rule.

membrane become immediately available to the outer membrane, (ii) rules of
such a membrane disappear, and (iii) rules of the outer membrane which send
objects to the membrane that has been dissolved become no longer applicable.
One possible way of simulating dissolution is by replacing § with a special
object d in every dissolving rule and using such a special object as a promoter
or inhibitor of some rules obtained by the flattening (after extending the syntax
and the semantics of the P Algebra to deal with promoters and inhibitors). This
would allow (ii) and (iii) to be simulated by using d as an inhibitor of those
rules obtained by the flattening and corresponding to the rules of the dissolved
membrane and to the rules sending objects to the dissolved membranes. More-
over, (i) can be simulated by defining the flattening in such a way that the rules
of the outer membrane are copied with the objects they consume renamed, in
order to allow such rules to be applied to the objects representing the objects
of the dissolved membrane. These new rules should have d has a promoter.
We give a simple example of flattening with dissolution of inner membranes
in Figure 5. Here, the rule causing dissolution of membrane 3 is rewritten into
a new rule having objects renamed as described in the previous section and
producing d. Now, both the rule originally in 2 and sending objects to 3, and
the rule originally in 3 require that d has not yet been produced. Moreover,
a new rule promoted by d has been introduced to simulate that the objects
originally in membrane 3 are available in membrane 2 after its dissolution.
The flattening technique explained in the previous section cannot be applied
if the outer membrane contains a dissolving rule. As an example, let us consider
Fig. 6, where flattening is applied. We can provide a context in which the
original membrane system and the flat membrane behave differently (see Fig. 7).
The point is that the rule of membrane 1 sending object ¢ to membrane 3 can
be eventually applied if and only if membrane 3 still exists after the dissolution
of membrane 2. In this case the only possible solution is to avoid flattening of
membrane structures in which the outermost membrane can be dissolved. As a
consequence, a general normal form for P Systems will have two shapes:

e If the external membrane of a membrane structure cannot be dissolved its
normal form is a single flat membrane that cannot be dissolved.

e If the external membrane of a membrane structure can be dissolved its
normal form is a structure consisting only of membranes that can be dis-
solved, but for innermost membranes that might be non—dissolvable.
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(e, i) - <(bv ?Ut))5 Here ¢ — (c,in3) can be

c— (c,in — (c,in: : .

a— (a, mft) sabe 3 eventually applied, leading
c ab (¢ (a, out) to an output of a after

¢ a few steps.

l:abc

a — (b, out)d )
b— (c3, here) Here ¢ — (¢, in3) cannot

c3 — (a, here) be apphed

ab C3

Figure 7: Example of context in which the two membranes systems in Figure 6
behave differently.

5 Conclusions and Future Work

We have faced the problem of defining a flattening technique for P Systems
defined by means of axioms on terms of the algebra of such systems we have
introduced in [2], the P Algebra, and preserving the semantics. We have formally
defined such a technique in the case of P Systems without dissolving rules. This
has required extending the syntax and the semantics of the P Algebra with a
notion of interface and with a notion of flat membrane, defining some axioms
and proving that these axioms preserve the semantics. We have discussed the
problems that arise when dissolving rules are taken into account, and we have
proposed some possible solutions to these problems.

Our long term aim is to define a normal form of P System. In order to reach
the normal form of a P System, in addition to apply our flattening technique
we would also need to transform rules and objects of such a system into some
minimal form. We believe that, given two systems in normal form, it will be
possible to check their equivalence as follows:

e if they are both flat, they should contain the same rules and objects, up
to a suitable renaming;

o if they are both non flat because the external membrane contain a dissolv-
ing rule (see Section 4), they should have the same membrane structure
of equivalent membranes.
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A Rules of the Operational Semantics

In this section we recall the rules of the operational sematics of the P Algebra
given in [2].
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A.1 Rules for membrane contents

IeV* nelN 1
ERRTNIORTRY! (meln)
— (u— vnvo{uy, }, Tvy)

(u — vrvof{uy, }, @) o

IeV: nelN n>0 (me2.)
2.1 Ivgvp s {(Li.v])} "

(u — vrvof{uy, }6, @)

u™ {u},2,0
Iev”
2,1,2,9
_—

2 {u},2,9

(me3)
(u - Uhvo{vli}&@) (u - vhvo{vli}év I)

IeV* M Clabels({v,}) M#o

(mc4)
(u— vnvo{v, },2) =222 (u = vnvo{vr, }, 1)

2,9,9,9

IeV* M Clabels({v,}) M#o

(mcb)
(u = vivo{or, }8,8) =222 (u — vpvo{wr, }6,1)

2,9,9,2
Iev: Iev*
(mc6) (mcT)
(@, a) RN (2,1) (2, a) 2.,1,2,0 @.1a)
’ 2,9 ,a,2 ’ ) Q,Z,Qé,a, 5
Iev”
(mc8)
(@ @) @,1,9,9 (@ I)
’ ©,0,0,9 ’
A.2 Rules for union of membrane contents
N My,11,0],0t . Ms,I2,0},0% M, M N Labels(O} Un O)) = @
M 11,04,07 M2,12,03.05
' u1,Ur,v1,07 e u3,Uz,v2,0h b2 Vs F UL @Us 6 ¢0]0] (ul)
u
M1 M3, 13,010} ,0tuno}
T U e y1 Uy2
uyug,U; @Uz,v1vz,0]vh
My,1,,0],0} Ms,12,0},04 M, My N Labels(O} Un O)) = @
T ——————— Y1 T2

’
u1,Ur,v1,v]

vy, 2 WK UL ®Us 5€0] §¢0)

(u2)
My Ma, I I,0] O] Objects(yz),0f un O3
xr1 U x2

uyug, U ®Usz,v1v2,0] v

My,1,,0],0¢ Ma,15,0},04 M, M, N Labels(O} Un 0}) = @

Ty ——————— Y1 T2 —————— Y2
ul,Ul,vl,'ui u2,U2,v2,'ué ’Ull’Ué ¥ U1 (&%) U2 1) S OI N O; ( 3)
U
M1 Ms,I112,0{ 0],04un 0O}
xr1 Ux2

ujuz, U ®Uz,v1v2,0] v

A.3 Rules for single membranes and juxtaposition of mem-
branes
M,1,07,0t 1 M,1,07,0t 1
r—————y 6¢0 r—————y 0€0
w,U,u,v (ml) u,U,u,v (m2)
M, {(,D)},0T,0! M, {(,D)},0T,0!
iz ————— [yl hz) —————v
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i 1
My,71,0,,90 M3,T2,0,,2
Ty —— Y1 Ty — Y2 5¢OIO;

juzrl
2,1,75,0] 0], 7 )
Ti|ry —————— iy
M1,7,,0] @ Ms,T5,0) @
m11141)y1 x222—2>y2 560145&0; (uz2)
2.,1,T,,(0]0))-5,0
z1|x2 Y2
M;,71,0] 2 My,T5,0) .2
g —— 4 Y1 T2 it y2 0 € OI N O; (juz3)
2,1,T,,(0]0)),2
1:1|:cz _
A.4 Rules for hierarchy of membranes
My, {(t1,11)},0],0{ 4, M222:008 oi=17, olcrn
_— _—
! g Y2 My nLabels(T,) =@ 6 ¢ 0]0) (b1)
2,(1,11\0)),0] .0
W@, w2) ———— (Y1, y2)
, Milu1)}.0] 0t 4, M2T20].0 Ol=T, olcrn 6e0]
_ _
! g Y2 My N Labels(To) =@ § ¢ O) ()
2,{(,[1\0})},0] 6,2
w(xy, z2) Y2
My,{(11,11)},0],0{ , M2T2:01.0 O}=1, O} —6CIL 640!
_ _—
! by My N Labels(Tz) =@ 6§ € O] 3)
2,{(l,11\0})},0],2
p(zr, o) Y1
My {(11,11)},0] .0 o, M2T20].0 Ot=7, O)-5Ch
_ _
! g2 Y2 My Labels(Z:) =@ 6 € 0] NO) )

2,{(l1,11\0})},0] .

(@1, z2)
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