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Abstract

We improve results concerning the size bound of P systems with gemma-
tion of mobile membranes. We show that systems with meta-priority relations
and without (in/out) communication rules generate any recursively enumer-
able language with three membranes, thus we present an optimal result on the
necessary number of membranes to obtain computational completeness. In the
case of gemmating P systems with only pre-dynamical rules, we prove that four
membranes are sufficient to generate any recursively enumerable language.

1 Introduction

Membrane systems, or P systems were introduced in [5] as distributed parallel com-
puting devices of a biochemical type. The model is inspired by the functioning of the
living cell: it consists of a membrane structure composed of several cell-membranes,
hierarchically embedded in a membrane called the skin membrane. The membranes
delimit regions and contain objects which evolve according to given evolution rules
associated to the regions. Computations of the system are performed by the parallel
and non-deterministic evolution of the contents of the membranes.

For a detailed introduction to the area of P systems, the interested reader is re-
ferred to the monograph [6]. An up-to-date bibliography of the field with an amount
of additional information can be found at the web address http://psystems.disco.
unimib.it.

In this paper we consider P systems with gemmation of mobile membranes or
gemmating P systems, introduced in [3], which represent membrane systems with a
new kind of communication.

The biological background of this new model can be summarized as follows: The
cellular membranes are selectively permeable to small substances as, for example,
water and gases, but not to bigger substances as proteins. These bigger substances
are communicated among the cells by means of vesicles, encased on their cytosolic
face by a specific protein which causes their budding from the membrane. When the
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vesicle fuses with its target membrane, the carried proteins are introduced inside it,
where they can undergo different chemical reactions. This process can be modelled
by so-called mobile membranes, that is, we can consider some objects in the original
membrane to be transported by means of small membranes to a target membrane.

Gemmating P systems are with simple membrane structures, where the skin
membrane contains only elementary membranes with string objects which corre-
spond to proteins or any other structured bigger substances. These strings evolve
according to operations with biochemical motivations, namely mutation, replica-
tion and splitting. The mutation in this case corresponds to the application of a
context-free rule. Any membrane is provided with a set of classical evolution rules
and a set of so-called pre-dynamical rules, which are rules defining the gemmation
of the mobile membranes. There is a meta-priority relation defined between the
set of classical evolution rules and the set of pre-dynamical rules which is needed
to simulate the completion of the maturation path of an object. A pre-dynamical
rule is a particular variant of an evolution rule which also indicates the membrane
where the string must be communicated. After a pre-dynamical rule is used, the
modified string object is transported into the target membrane, and from then it
will evolve according to the rules of this membrane. This procedure corresponds to
the gemmation and the fusion of the mobile membrane. In particular, the output
of the system is due to the fusion of a mobile membrane with the skin membrane:
this process causes the release of the objects outside the system and simulates the
biological process of exocytosis.

In [2, 3] the computational power of P systems with gemmation of mobile mem-
branes was examined. It was shown that these systems are as powerful as the Turing
machines, in the case of extended systems (where a terminal set of objects is distin-
guished) with eight membranes [2] or with nine membranes if only pre-dynamical
rules are allowed. These bounds were improved to five and six, respectively, in [1].

We continue the study of this area and show that extended systems with meta-
priority relations but no (in/out) communication rules generate any recursively enu-
merable language with at most three membranes. Since these P systems with two
membranes determine the class of context-free languages, the obtained result gives an
optimal size bound for these variants of membrane systems to obtain computational
completeness. We also prove that gemmating P systems with only pre-dynamical
rules and with four membranes generate any recursively enumerable language. These
variants of P systems with two membranes determine the class of finite languages,
while having three membranes they define a language class which properly contains
the class of regular languages. The exact place of the language class of gemmating
P systems with three membranes and with only pre-dynamical rules is still open.

2 Preliminaries and Definitions

We first recall the notions and the notations we use. For more on the basic notions
of formal language theory refer to [7]. Let V' be an alphabet, let V* be the set of all
words over V, and let V* = V* — {e} where ¢ denotes the empty word. The mirror
image, or reverse of a word z € V* is denoted by z%, the set of natural numbers is
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denoted by N. We denote by FIN, REG, CF, and RFE the class of finite, regular,
context-free, and recursively enumerable languages, respectively. RE is the class
accepted by Turing machines or generated by phrase structure grammars.

Now we present the notion of an Extended Post Correspondence (or EPC in
short) from [4] and then define a set of context-free rewriting rules which can be
derived from any such EPC and which will be used in the proofs of the results.

Definition 1 Let ¥ = {a1,...,a,}, 1 < n, be an alphabet. An Extended Post
Correspondence (an EPC) is a pair

E = ({(u1,v1),. ., (um,vm)}, (Zays---»2a,)),

where u;, vj, za; € {0,1}*, 1 <3 <m, 1 <j < n. The language represented by E,
denoted by L(E) is the following:

L(E) = {zi...z, € £ | there are i,...75 € {1,...,m},s > 1,

such that wu;, ... uj, 2g, - .. 23, = Viy --. Vi, }-

It is known (see [4]) that for each recursively enumerable language L there exists an
EPC E such that L(E) = L.

Definition 2 Let E be an EPC as above, and let g,h be two mappings g,h :
{0,1} — {A, B,C}* defined as g(0) = AB, h(0) = C, g(1) = A, h(1) = BC. Let us
define a set Pg of rewriting rules containing the productions

S — g(us)Sh(vF), 1<i<m,
S — 9,

S" = g(z4)Ya, a€x,

S — €

constructed according to the EPC F.

Let us now observe the sentential forms that these rules generate. Starting from the
symbol S, the rules of Pg generate strings of the form

gty . U Zgy - 2g,) Ty .. x1 B((vg - . .v5,)E)

where if u;, ... U, 25, - - 25, = Vj, ..., then z1 ...z, € L(E), as above.

Let u =wu; ... ui,, v =04 ...0;,, and 2y = 24, - - . 2g,, fOr some w =x1...2, €
L(E). If uz, = v, then the following properties must hold: The string g(uzy)
either starts with AB or with AA, and h(v®) either ends with BC or with CC.
Furthermore, if g(uz,) starts with AB, then h(vF) ends with CC, if g(uz,) starts
with AA, then h(v®) ends with BC.

Based on these properties we might use the following procedure to produce any

recursively enumerable language L = L(F) for some EPC E.

T

Definition 3 Take an EPC E with L = L(F), and construct the rule set Pg as
above. The procedure PROCE consists of the instructions as follows.

Starting with the symbol S, use the rules of Pg to generate a string of the form
a = g(uzy) wf h(v?), u, 24, v as above. Execute the following instructions on a.
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1. Obtain o' by cutting an A from the left end of .
Obtain o by cutting a C from the right end of .

Obtain o/ by cutting a B either from the left end or from the right end of o

~ WD

If o = z,...21, the reverse of w = z1...z,, then w € L, otherwise start
n

again with executing the first instruction on o'".
If at some point cutting the symbols from the ends of the string is not possible
in the order required by the instructions above, then we might stop the procedure
without any explicit conclusion. However, it is ensured that for each w € L there
exists at least one « of the form above which leads us to the result of w € L, thus,
the procedure above produces all words belonging to L(E).

Now we present the basic notions of membrane computing and then also define
P systems with gemmation of mobile membranes. The interested reader may find
more detailed information on the theory of P systems in the monograph [6].

A multiset is a pair M = (V, f), where V is an arbitrary (not necessarily finite) set
of objects and f : V — N is a mapping which assigns to each object its multiplicity.
The support of M = (V, f) is the set supp(M) ={a € V | f(a) > 1}. If V is a finite
set, then M is called a finite multiset. The set of all finite multisets over the set V
is denoted by V°.

We say that a € M = (V, f) if a € supp(M), and My = (V1, f1) C My = (Va, fo)
if supp(My) C supp(Ms) and for all a € Vi, fi(a) < fo(a). The union of two
multisets is defined as (M U M) = (V4 U Va, f') where for all a € Vi U Va, f'(a) =
fi(a) + fa(a), the difference is defined for My C My as (My — My) = (Vi — Vs, f")
where f"(a) = fi(a) — f2(a) for all a € V; — V5, and the intersection of two multisets
is (M1 N My) = (Vi N Va, f") where for a € Vi N Vs, f"(a) = min(fi(a), f2(a)),
min(z,y) denoting the minimum of z,y € N. We say that M is empty, denoted by
€, if its support is empty, supp(M) = . When giving the elements z1,...,z, of a
multiset M, we use double brackets as M = {{z1,...,z,}} to distinguish from the
set usual notation.

A P system is a structure of hierarchically embedded membranes, each hav-
ing a label and enclosing a region containing a multiset of objects and possibly
other membranes. The out-most membrane which is unique and it is called the
skin membrane. The membrane structure is denoted by a sequence of matching
parentheses where the matching pairs have the same label as the membranes they
represent. If z € {[;,]; | 1 < ¢ < n}* is such a string of matching parentheses
of length 2n, denoting a structure where membrane ¢ contains membrane j, then
T =T [z $2[j$3]j 1'4]1' Ts fOI‘SOIne.’EkE{[l,]l | 1<l <, Z#Z,]}*, 1<k <5
If membrane 7 contains membrane j, and there is no other membrane, k, such that
k contains j and 4 contains k (z2 and x4 above are strings of matching parentheses
themselves), then we say that membrane 7 is the parent membrane of j, denoted by
i = parent(j), and at the same time, membrane j is one of the child membranes of
1.

By the contents of a region we mean the multiset of objects which is contained
by the corresponding membrane excluding those objects which are contained by any
of its child membranes.
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The evolution of the contents of the regions of a P system is described by rules
associated to the regions. Applying the rules synchronously in each region, the
system performs a computation by passing from one configuration to another one.

By [2], gemmating P systems use only membrane structures of depth 2. The skin
membrane will be always labelled with the number 0, while the inner membranes
will be labelled with the numbers 1,...,n.

Gemmating P systems are defined with three types of rules with biochemical
inspiration: mutation, replication, and splitting of a string. In this paper we use
only mutation rules without (in/out) communication which are context free rules of
the form ¢ — u, where a € V and u € V*.

With each region ¢ = 0,1,...,n we associate two distinct sets of rules:

e A set C; of classical evolution rules, that is, a set of mutation rules of the
above form, and

e a set D; of pre-dynamical evolution rules, that is, a set of mutation rules of
the form a — u, with a € V, such that given a string w; = wia (or w; = aw?))
we obtain wy = wju (wy = uwi, respectively), where u = v'Q; (v = Q;u/,
respectively) with w},u] € V*. The letter @; is a special symbol not in V" and
j E {071,""n}’j #Z'

Pre-dynamical rules may introduce the special symbol @; only at the ends of the
string. We will always consider the set Dy as an empty set, that is no pre-dynamical
rule will ever be defined for the skin membrane. When a symbol @; appears in some
string w present in a membrane ¢, for j # ¢, then inside the P system two sequential
and dynamical communication processes take place. We say that a mobile membrane
carries the string w from the originating membrane ¢ to the target membrane j.

To keep the construction closer to the functioning of real cells, we define a meta-
priority relation between the rules of set C; and D;, for all 1 = 1,...,n, by which
all applicable classical rules in C; must be used before any applicable pre-dynamical
rule in D;. We remark that we do not define any priority relation between rules in
the set C; neither between rules in the set D;.

Definition 4 An extended P system II with gemmation of mobile membranes of
degree n+ 1, n >0, is

o= (Va Ta/'L7I0a s 7In7 (007D0)7 (ClaDl)a RN (CnaDn))a

where:

V is an alphabet not containing the symbols @y, @q,...,@,,

e T CV is the output (terminal) alphabet,

p=Tlollil2]2---[n=1]n=1 [n In Jo is @ membrane structure of depth 2 and
degree n + 1,

e I;, 1 < i< n, are multisets of finite support over VT,
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e (C;,D;), 0 < i < nm, are sets of classical evolution rules and sets of pre-
dynamical evolution rules, respectively. The set C; has a meta-priority over
D; as far as the application of all of its rules is concerned. The set Dy is empty.

An extended gemmating P system works as follows: The regions are processed
simultaneously, that is, in every step, inside each region, all the strings which can be
the subject of an evolution rule are simultaneously rewritten. The rules to be applied
can be nondeterministically chosen among all the applicable rules in accordance
with the meta-priority defined over the set of classical rules and the set of pre-
dynamical rules. This means that no pre-dynamical rule d € D; can be applied if
there exists at least one classical rule ¢ € C; which is applicable. At each step of a
computation a string can be rewritten by one rule only. The strings resulting after
the application of a rule can remain inside the membrane where they are placed, or
can be communicated by mobile membranes to the regions specified by the target
indications @Q;, 0 < i < m.

At any given moment, the membrane structure together with all multisets of
objects associated with the regions defined by the membrane structure form the con-
figuration of the system. However, since we do not consider splitting/recombination
rules, the processing of each string is independent of the other strings present in the
regions. This means that instead of simultaneously keeping track of every multiset
of objects that can be found in the regions of the system, we might consider the
strings traveling through the regions of the membrane structure independently of
the contents of the region.

Definition 5 Let [ w ]; denote a string present in region 7, 1 < i < n. We say that

e [ w ]; directly derives [ w' ]; by a classical evolution rule, denoted as [ w ]; =
[w']; if w=wiaws, w' = wiuws, and a — u € C, or

e [w]; directly derives [ w' ]; by a pre-dynamical rule, denoted as [w ]; = [w'];
fw=a1...am,ap >u ¢ C; forany k, 1 < k <m, and any u € V*, but
w = wia (or w = awy) and w' = wyu (w' = uwwi, respectively), for some
a — uQ; € D; (a = Qju € D;, respectively).

A sequence of transitions forms a computation. A computation halts when there is
no rule which can be applied to any string in the current configuration. The output
of the P system II (or the language of II) is the set of strings over T expelled from
the system during a halting computation, that is, the set of strings sent to region 0
during the computation. Non-halting computations provide no output.

Definition 6 Let II be an extended gemmating P system of degree n+1, for n > 0,
as above. The language generated by II is the set of strings

L) = {weT*|wel and[w]; ="[w']o during a halting
computation of IT, 1 <4 < n},

where =* denotes the reflexive and transitive closure of =.
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Let EGemP, (M Pri,n(in/out)) and EGemP,(Dyn) denote the class of languages
generated by extended gemmating P systems of degree n with meta-priority but
without the use of (in/out) communication rules, and the class of languages gener-
ated by systems degree n with pre-dynamical rules only, respectively.

3 The Size of Extended Gemmating P Systems

We first show that extended gemmating P systems with meta-priority relations but
no (in/out) communication rules generate any recursively enumerable language with
at most three membranes. Since these P systems with two membranes determine
the class of context-free languages, the obtained result gives an optimal size bound
for these variants of membrane systems to obtain computational completeness.

Theorem 1 EGemPs;(M Pri,n(in/out)) = RE.

Proof. Our proof is based on the procedure outlined at the end of the previous
section. Let L C ¥* let F be an Extended Post Correspondence as above with
LR = L(E), and let Pg be the set of rewriting rules based on the EPC E as
described above.

Let II = (V, Z,p,,I(),Il,IQ, (@, @), (Cl, Dl), (CQ, DQ)) where I() = IQ = €, and

V — SU{S,S,A,B,C,C,C",C" T,T'),
po= lollhlelelo,

L = {S}

C, = PgpU{C—>C,C"=C",T—T},
D1 = {A—Q@T,C" — @y},

Co = {C'"=C"T' = ¢e,C" = C},

Dy = {B—@y,B—@,T— T}

This system works as follows. Starting with the start symbol S in I7, the rules of Pg
and C' — C' generate a string of the form uzwv, uz € {A, B}*, w € ¥*, v € {B,C'}*
where if uz and v can be deleted using the instructions of the procedure PROCE in
the previous section (with cutting C’ instead of C in step 2), then w € L.

Now, using the pre-dynamical rules of Dy, an A on the left end of uzwv is
changed to T, and the result is sent to region 2. Here the rules of Cy rewrite every
C' to C". The result is sent back to region 1 by the pre-dynamical rules of Dy and
at the same time either a B is cut off the right end of the string, or the T" on the left
end is changed to T". (If B — @ is used, then the computation produces no result,
since the nonterminal 7" is still present in the string sent out of the system.) In the
first case, when T is not changed to T”, the rules T' — T of C; lead the computation
to an infinite loop. In the second case, all C” is rewritten to C" and the result is
sent back to region 2 after cutting off a C"" from the right end. Now T” is erased,
all C" is changed to C, and the result is sent back to region 1 by cutting off a B
from the left or right end of the string, or sent out of the system by B — Q. If the
string is sent out and it is terminal, then it is the reverse of some w € L% = L(E),
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thus it is an element of (LF)® = L. If it is not sent out, then the system continues
in the same way by cutting symbols off the ends of the string as long as it either
enters an infinite loop, or sends out a non-terminal string, or produces a result by
sending out a terminal word.

These steps execute instructions of the procedure PROCY described in the pre-
vious section, so our statement is proved. O

In order to demonstrate that the above result is optimal, we note that
EGemPy(MPri,n(in/out)) = CF.

Certainly, in this case, the only membrane which is able to modify the string is
membrane 1. Furthermore, a word can be sent out to membrane 0 only if no mutation
(context-free) rule of membrane 1 can be applied to it. Then, it is easy to see that
for any context-free grammar G = (N, T, P, S), where N is the set of nonterminals,
T is the set of terminals, P is the set of productions, and S is the start symbol,
the language L(G) of G can be generated by the extended gemmating P system
I1, with meta-priority relations but no (in/out) communication rules and with two
membranes, where membrane 1 is defined by Iy = {S}, C; = P, and D; = {a —
Q@q | @ € T'}. If the empty word is in L(G), then we add the rule S — @ to D;. The
fact, that no more than a context-free language can be obtained by these systems is
obvious.

Now we prove that gemmating P systems with only pre-dynamical rules and with
four membranes generate any recursively enumerable language. These variants of P
systems with two membranes determine the class of finite languages, while having
three membranes they define a language class which properly contains the class of
regular languages.

Theorem 2 EGemP,(Dyn) = RE.

Proof. Let L C ¥* where ¥ = {a1,...,a,}, let E be an Extended Post Correspon-
dence as above with L% = L(E), and let Pg be the set of rewriting rules based on
the EPC E as described above. Let the rules of Pg be denoted as

PE:{S—>aiSﬂi,S—>S',S’—>7j5'aj,5'—>6|1§i§m,1§j§n},

where o; = g(u;), Bi = h(vl), v; = 9(2q;) for some pair (u;,v;), 1 <4 < m, and
Zaj, a5 € 3, 1 < j < n, of the EPC E with mappings g, h as above.

Let II = (V,Z,M,IQ,Il,IQ,Ig,D(),Dl,DQ,Dg) 5 where I() = I2 = I3 =€, DO = @,
and

= 2U{S5,58,5,85,5,X,X,A, B,C,S$},
po= lolhl2l2[s]s]o
L = {S17a;S2|1<i<n}
U Ij where I} = {{$}} if ¢ € L, otherwise I] = ¢,
D; = {S] = @8, X%Sa;, 8 — ;S5 X% @3, 8, — @8],
51 — @251X2m+2j51’)’j,52 — ajSQX2m+2j@3,
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S] — @81, 85 — @y, B — @y, B — Qq, S5 — Qg
$ 5@ |1<i<m, 1<j<n}

Dy = {81 — @,8, = S5@;, X — @3, 4 — @3},

D3 = {X — @2,51 — @151,5{ — @153,0 — @1}

This system works by executing the procedure PROCE described in the previous
section. First, a string of the form uzwv, uz € {A,B}*, w € ¥*, v € {B,C}* is
created where if uz and v can be deleted using the instructions of PROCE, then
w € L. The empty word is treated separately, if € € L, then it is generated by the
rule § — Q.

The work of the system starts in region 1 with words of the form Si7v;a;S2, 1 <
1 < n. Let S1vaS2 denote one of these strings and let us follow its possible route
through the regions of II. If the rule for Ss is applied first, then there is no terminal
word produced from this string, since

[ Sl’yaSQ ]1 = [ Sl"/aangXQer% ]3 = [ SlfyaangXQm”i ]1 =
1. [ 5‘1X2m+2j51'yj'yaa1~52)22m+2i ]2 =

(a) [ X2m+2j31’7j’)’aai52)?2m+2i ]1
(b) [ 81X2m+2 S y;va0;8, X2m+2i—1 ]y

2| S{yaai5282m+2i J2 =1 Si’l'aaiIS'QXQmj—QF1 I3 =
[ $17aa;S2 X* ™5~ |1 = [ Siz700; S X*™ 271 ]y =

(8) [ ayaeiSp X221
(b) [ Sizvaa;S2X?™ %2 |3 where z = ¢ or z = X% S a,
thus, one of the rules for S; has to be applied. (Note that - either starts with an A

or v = ¢, so no rule can be applied to the string of point 2.(a) in region 1. even if
z = ¢.) Let us assume first that the rule §; — @98, X228+, is used.

[ S17aS2 |1 = [ S1 X428 yivaSy |2 =
L [ 5; X248 vivaS 13

2. [ X228 yvaSs 11 = [ X2 2S yivaaSo X2 |3 =
[ X2m+2i-18, i yaa; S, X242 ]y =
[ X2m+2i_151'yi'yaaj52X2m+2j_1 ]3 = ... >

(a) [ X225 81vvaa;S2 |3 = [ X271 8 1v,7vaa;5> ]2 =
[ XQiinflSl’Yi’YaajSé s =1 X2i72j72517i7aaj5'§ l2
(b) [ S17vivaa;jSe X% 2 3 = [ S1yivaa;Se X% 2% | =
i [ S1X%*S1veyivaa; Se X% ]y =
Al XZkSlfYk’yi’yaajSQX'Qj_Zi i
B. [ S1X2kSl’)’k’)’i’)/aajSQ)_(Qj_zi_l ]3

216



i. [ S{’yifyaajSQJ:(zj_zi l2=1 S{fzfyaajsz)zzj__%_l Is =

[ S17ivaa;Se X2 =271 = [ S1zv,7aa;9, X% 7271 ]y =

A. [ zviyaa;S: X% 271

B. [ S1z7vivaa;S2 X% ~%72 |3 where z = € or z = X2k S oy,

(C) [ Slfyi'yaajsz ]3 = [ Syyﬂaang ]1 (ifi = j)

The system cannot produce any terminal word from the strings of the above cases
except case 2.(c) where we have a word of the form S;v;v;a;a;S2 for 8" — ~;5'a;
and S" — 7;5'a;, rules of P associated to the EPC E, 1 <1i,j <n, a;,a; € X. The
system may continue by appending corresponding strings and terminal symbols to
the left and right ends of the sentential form in the same way as above, producing
strings of the form S17;, ...7;;a; - - - ai; S2, or it may choose to apply the rule S; —
@-57, in which case we get
[ S1ywSs |1 = [ SjywS2 ]2 = [ SjywS3 13 = [ SjywS; |

where v € {4, B}*,w € 7.
We obtain a word of the same form if at the beginning of the work of the system,
the rule S; — @25 is applied on an initial sentential form S;7;a;S2 in region 1 as

[ S17:aiS2 |1 = [ S1viaiSa |2 = [ S17iaiSy 13 = [ S17:aiS |1,

so we may continue by assuming that we have a string of the form S{ywS} with v, w
as above in region 1.

If one of the rules for S} are applied, then the derivation stops without producing
a terminal word as

[ S{ywSh |1 = [ S{yw ]2, or [ SiywSh I1 = [ Siyw Jo,

or as

[ S{ywSh 1 = [ STywBiSsX% 13 = [ SiywpBiSeX? |1 = [ SizywBS4X% |3 =
L. [ zywBiSsX?% |

2. [ S1zywp;iS4X% 1 |3 where z = ¢, or z = X% S o,

thus, one of the rules for S} has to be applied. (Note that either the first symbol of
v is an A, or 7 is empty, so even if £ = ¢, no rule can be applied to the sentential
form of point 1. in region 1.)

If the rule S| — @,S; is used we have the following possibilities.

[ SiywSy 11 = [ SiywSh Jo = [ywSy |1 =
1. [ ywp;SHX% 13
2. [yw]o = [¥'w |3 where v = Ay

3. [yw Jo, so if ¥ = ¢, then w € L.
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The strings of cases 1. and 2. cannot produce any terminal words, in case 3., if
v = €, then w, the corresponding terminal word is correctly output by the system.
If the rule S} — @35, X% S q; is applied, we have

[ S{ywSh |1 = [ S1X%S aiywSy 12 = [ X% S aywSh |1 =
L [ X%Slaiyw o
2. [ X% aiyw o

3. [ XZZ:S{aﬂwﬂjSQXZJ_' ]3 = [ X2i715i04i’}”w,8j55)22j ]2 =
[ X2 1S aywBShX5 s = ... =

(a) [ X*2SiaiywP;Sh 13 = [ X271 Sl ciywf3; Sy Ja
(b) [ SlaiywpB;SsX*7% |3 = [ Sjaywp;SyX* = | =
[ SlxaﬂwﬂjSéXQjﬁi l2 =
i a:ai'ywﬁjSéXQj_% I
ii. [ SizaiywB;SyX%=2-1 |3 where z = ¢, or z = X?* S| oy,

(c) [ Sjaiywp;Sy 13 = [ Sjaywp;Sy 11 (if i = 4)

(Note that either the first symbol of ;v is an A, or a;7 is empty, so even if z = ¢,
no rule can be applied to the sentential form of point 3.(b)i. in region 1.) Thus,
the system produced a string of the form Sja;ywg;Sh for some rule S — «;Sg;,
1 <4 < m, of Pg associated to E. It may continue to add corresponding string pairs
to the two ends of the string as above producing a string of the form S]ayw3S},
a,B € {A, B}, B € {B,C}*,w € &, or it may choose to apply the rule S| — @,5;.

[ SjoywBSy ]y = [ SiaywpfS; 2 = [ aywpS; |1 =
L [ aywpp;S5X* ]
2. [aywB Jo
3. [eywB ]2

No terminal string is produced in case 1. In case 2., if oy = = ¢, then w is
correctly output by the system. In case 3., the execution of the erasing instructions
of PROCE may start. First an A is erased in region 2 and the string is sent to
region 3, where a C is erased. These must have been on the left and right ends of
the string, respectively. Now a B is erased in region 1 from one of the two ends
of the string and it is either sent out of the system or the erasing process might
continue in region 2.

From these considerations we might see that II correctly simulates PROCE, thus
our statement is proved. O

Before closing the section, we add some remarks about the question of the optimality
of the above result. We can immediately see that gemmating P systems with only
pre-dynamical rules and two membranes determine the class of finite languages, thus

EGemP2(Dyn) = FIN.
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Certainly, any finite language L = {ws,...,w,}, where w; € T*, for some alphabet
T and 1 < i < n, can be obtained with a system where I; = {S} and D; = {S —
w;@p | 1 < i < n}. The fact that membrane 1 is able to send out only a finite
number of words is obvious.
Moreover,
REG C EGemP3(Dyn).

In this case, only membrane 1 and membrane 2 are able to modify the strings they
have, by appending words to its left-end and/or to its right-end. The language of
the system is determined by the interplay of these two membranes. Now, suppose
that G = (N, T, P, S), is a regular grammar with productions of the form A — aB
and A — a, where A, B are nonterminals and a is a terminal symbol. Then, the
gemmating P system with Iy = {S}, I =0, D; = {A — A’Qy}, and Dy = {4’ —
aBQ@; | A — aB € P} U{A' = aQ)} determines L(G), the language of G. For the
gemmating P system with I, = {AB}, I = 0, D; = {B — bBQy, B — bQ5}, and
Dy = {A — @;Aa, A — a@Q}, we obtain the language L = {a™b" | n > 1}, which
is a linear non-regular language. It is an open question how large computational
power can be obtained with gemmating P systems with only pre-dynamical rules
and three membranes.

4 Conclusion

In this paper we showed that extended gemmating P systems with even a minimal
configuration, with three membranes, are as powerful as Turing machines. Since
such constructions with 2 membranes can determine only the context-free language
class, the obtained result is an optimal result. The result is interesting, since the size
of the distributed architectures in molecular computing usually represents a separa-
tor between the class of regular languages and the class of recursively enumerable
languages. In addition to this statement, we also proved that gemmating P systems
with only pre-dynamical rules and with four membranes are computationally com-
plete tools as well. These constructs with two membranes determine the class of
finite languages, and with three membranes they are more powerful than the regular
grammars. However, the exact computational power of gemmating P systems with
pre-dynamical rules and with three membranes is still open.
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