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Chapter 13

Membrane Systems

13.1 Further Basics

In this section we introduce two further types of grammars. The common feature is that
they use only context-free rules, however, by some restrictions in the application of rules a
larger generative power than that of context-free grammars is obtained. These grammars
will be used in the sequel to discuss the power of membrane systems which are the subject
of this chapter.

We start with the definition of a matrix grammar!. Essentially, instead of context-free
rules, finite sequences of context-free rules are considered and if one applies the first rule
of such a sequence one has to apply the further rules of this sequence in the given order.

Definition 13.1 i) A matriz grammar is a quintuple G = (N, T, M, S, F') where
e N, T and S are specified as in a context-free grammar,

o M = {my,mao,...,m,} is a finite set of finite sequence of context-free rules, i.e.,
for1 <i<mn,

m; = (Am — Wi 1, Am — W2, 7Ai,7'i - wi,ri)
for somer; > 1, A;; € N, w;; € (NUT)*, 1 <j <,
o [ 4s a subset of the rules occurring in the sequences m;, 1 < i < n.

it) For a matrix m = (A; — w1, Ay — wq,..., A, — w,) € M, we say that x derives
y by m, written as x =>,,, y if there exist words x1,xs,...x.11 Such that the following
conditions hold:

& T =21, Y= Trq1,

o for 0 < i <r—1, z; = zlAix]! and x;41 = 2wz or A; does not occur in x;,
Tiv1 =x; and A; — w; € F.

!To be precise, we introduce matrix grammar with appearance checking and with erasing rules. Be-
cause the other more restricted types of matrix grammars will not be used we only use the term matrix
grammar.
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232 CHAPTER 13. MEMBRANE SYSTEMS

iii) The language L(G) generated by G consists of all words z € T* which have a derivation
S =, W1 =y, Wo =my, - =, = Wi = 2

wheretZlandmijGMforlgjgt.

The sequences m € M are called matrices. By definition the rules of a matrix have
to be applied in the given order and all matrices of a matrix have to be applied where
applications means a usual application if the left hand side occurs in the sentential form or
no change if the left hand side does not occur in the sentential form and the rule belongs
to F.

By L(M AT we denote the family of all languages which can be generated by matrix
grammars.

We give two examples.

Example 13.2 Let G; = ({5, 4, B}, {a,b,c}, {m1,m2,m3},S,0) be a matrix grammar
with

my = (S — AB), my = (A — aAb, B — Bc), and m3 = (A — ab, B — ¢).
Then any derivation has the form

S =, AB =, aAbBc =>,,, A>APB? =, > AP B =, . ..
=, @AY BT =, a"b e,

which yields that
L(Gy) = {a"b"c" | n > 1}.

Example 13.3 We consider the matrix grammar
GQ = ({5714’ B7X7 Y7 27 #}7 {CL}, {mtha cee 7m8}757 {A - #7 B — #})

my = (S — XA), me = (X — X, A — BB),
m3:(X_>Y7A_>#)7 TTL4:<Y—>}/,B—>A)7
ms = (Y = X,B—#), mg=(Y = ZB—#),
mr=(Z—Z,A—a), mg=(Z—NA—a).

Let us assume, that we have a sentential form X A™ for some n > 1; note that by the
application of the matrix m; (which has been used in the first step) we obtain such a word
with n = 1. We cannot apply the matrix mjs since it introduces the nonterminal # which
cannot be replaced, i.e., the derivation cannot be terminated. Hence the only applicable
rule is mq which gives X A™ BBA" with ny+ny = n—1. Again, ms is the only applicable
if n — 1 > 1; moreover, this situation holds as long as a letter A is present. Thus we get
after n applications of msy the sentential form X B?". Now the only applicable matrix is
ms where A — # cannot be applied which is allowed by A — # € F. Now we have to
proceed with 2n application of m,4 which yields Y A?". Now we have two possibilities; we
use ms or mg. In the former case we obtain the sentential form X A?" which has the same
form as our starting sentential form; only the number of occurrences of A is doubled. In
the latter case we have to apply 2n — 1 times the matrix m; and once mg which results

where
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in a®® (note that mg cannot be applied earlier since we then obtain a sentential with no

occurrence of X, Y, Z, i.e., the derivation is blocked). Thus we double the number of A’s
or we terminate. Therefore

L(Gy) = {a®" | n > 1}.

Obviously, if all matrices have length 1, i.e., they consist of one rule only, then the
application of the matrix coincides with the application of its rule. Thus such matrix
grammars generate only context-free languages and all context-free languages can be
generated. The example shows that also non-context-free languages can be generated by
matrix grammars. Without proof we give that the generative power of matrix grammars
equals the power of arbitrary phrase structure grammars.

Theorem 13.4 L(MAT) = L(RE). O

We now present a normal form for matrix grammars.

Definition 13.5 A matriz grammar G = (N, T, M, S, F') is in normal form if the follow-
g conditions hold:

® N:N1UN2U{S,Z,#}7 S,Z,#¢N1UN2, NlﬂNQZ(D

e any matriz of M has one of the following forms
— (8 = XA) with X € N, A€ Ns,
— (X =Y, A—-w) with X,)Y € Ny, A€ Ny, w e (N UT)*,
— (X =Y, A— #)with X € N1, Y €e NyU{Z}, A€ Ny,

e there is only one matriz of the form (S — XA) in M,
e F consists of all rules of the form A — # with A € Ns.

Moreover, in any derivation, the matriz (Z — \) is only applied to a sentential form
w1 Zwy with certain wywe € T.

The following theorem shows that the naming normal form is used correctly.

Theorem 13.6 For any recursively enumerable language L, there is a matriz grammar
G in normal form such that L(G) = L.

Proof. ~ We first proof that the required special forms of matrices are sufficient. Let

L be a recursively enumerable language. By Theorem 13.4, there is a matrix grammar
G'=(N,T,M,S' F) such that L(G") = L. We assume that

N = {A17A27"'7At}7
M {my,ma,...my,},

m; (Aig — win, Aig — Wig, ..., Aiyy — wiy,) for 1 <@ < m.
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We construct the matrix grammar G in normal form by the settings

N = {[i,j]|1<i<nm, 1<j<nr}U{k]|1<Ek<H{,
Ny = N,
new letters S, Z, #,

S — [i,1]8") for 1 <i < n,

i, j] = [, 5+ 1], Ay — w;y) for 1 <i<mn, 1<j<m,
Jl = g+ 1), Ay — #) for 1<i<n, 1<j<wr, A —w,€F,
[, 1], Aiy, = wiy,) for 1 <i<n, 1<7 <mn,

[7] Aiy, — #) for 1 <i <n, 1 <7 <n, Ay, — Wi, €F,
[] zr1—>w”)f01“1<2<n

1], A;, — #) for 1 <i<mn, A;,, — wi,, €F,
i A ) for 1S,
_>ZAt—>#)

We have L(G') = L(G) by the following reasons. We start with an application of a matrix
of type (1), which says that the application of the i-th matrix is started. The simulation
is performed by applying in succession the rules of type (2) or (3) with left hand sides
[i,1],[i,2],...,[i,r; — 1] in their first rules and finishing the simulation with rules of type
(4), (5), (6) or (7) with left hand side [¢, ;] in its first rule. The matrices of types (3) and
(5) can only be applied if the nonterminal A, ; and A;,, does not occur in the sentential
form since otherwise the nonterminal # is introduced which cannot be changed (there
are no rules with left hand side #), i.e., we cannot derive a terminal word. After the
simulation of a complete matrix of G’, we start another simulation of a matrix if we
applied a rule of type (4) or (5) and we start the applications of type (8) and (9) if we
applied matrices of type (6) or (7). By the matrices of type (8) and (9) we check that no
nonterminal is present in the sentential form (otherwise a # is introduced). Finally, we
cancel the first letter Z. Thus any derivation consists of simulations of the application of
matrices in GG followed by a check that the word is terminal.
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It remains to show that one rule of the form (S — XA) is sufficient. In order to
prove this we change G’ to G" = (N U{S"},T,M U {(S" — §'),S",F). It is obvious
that L(G") = L(G") since any derivation has to start with S” = S’. Moreover, there
is a unique matrix (S” — S’) of G” which has to be used in the first step. Such the
construction of G as above starting from G” requires only the matrix (S — [i,1]S”)
where i refers to (8" — 5'). O

The second concept is that of grammar systems® The basic idea can be illustrated as
follows. Some (context-free) grammars are sitting around a table and a word is placed on
the table. Now a grammar G can take the word and derive it as long productions of the
grammar G are applicable. If no rule can be applied by G, then G puts the newly derived

2To be precise we consider here cooperating distributed grammar systems with terminating derivation
mode t; however, since other types of grammar systems are not used, we use the term grammar system
only.
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word back to the table. Obviously, this process can be iterated. We have a cooperation
of the grammars since rules of another grammar cannot be used if a grammar works.
We now give the formal definition.

Definition 13.7 i) A grammar system with n components is an (n + 3)-tuple
G=(N,T,P,P,...,P,5)
where

e N, T, S are specified as in a context-free grammar,

e P, P, ..., P, are finite subsets of N x (NUT)*, i. e., P; is a finite set of context-free
rules for 1 <i < n.

ii) We say that x derives y by the set P;, 1 <1 < n, written as x :f) yif x % Y,
1. €., y can be obtained from x by a derivation which only uses rules froml P;, and no rule
of P; can be applied to y.

iii) The language L(G) generated by the grammar system G consists of all word z € T*
which can be generated by a derivation of the form

t t t
S— v — w— ...— w,=2
P Py Py

forsomet>1,1<i;<n,1<j<s.

The sets Py, P, ..., P, are called the components of the grammar system.
We now present two examples which generate the same languages as the matrix gram-
mars considered in Examples 13.2 and 13.3.

Example 13.8 Let G = ({S, A, B, A", B'},{a,b,c}, P1, P», P3,S) be a grammar system
with the three components

P={S— AB,A — aA'b,B — B'c}, B, ={A' - A, B'— B}, 3={A — \,B— \}.
Obviously, any derivation in the grammar system G has the form

S :il> aA’bB’c:i; aAbBc:;> a’A'V’B' ¢ :Z; a’?Ab*Bc? :;1>
=L q"AV"Bc" == ab"c",
Py P3
which gives
L(G}) = {a™"" | n > 1}.

Example 13.9 We consider the grammar system G5 = ({5, S5}, {a}, P1, Py, P53, S) with
the three components

P ={S— 585}, Pb,={5—8}, b={S—a}.
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Then any derivation is of the form

t t t t t t
S — S/S/ e SS — (S/)4 — 54 — (S/)g —— SS .
Py P Py Py Py P
t t
— Szt —>
Py P3

on

and, consequently,
L(G) = {a" | n > 0}.

By L, (CF) we denote the set of languages which can be generated by grammar systems
with at most n components. Moreover, let

L.(cr) =] L.(ch).

i>1
Obviously, by definition,
L1(CF) C Lo(CF) C L3(CF) C -+ C L, (CF) C--- C L,(CF).
The following theorem determines the hierarchy more precisely.

Theorem 13.10 i) L(CF) = L1(CF) = Lo(CF).
i) For anyn > 3, L(CF) C L3(CF) = L,(CF) = L.(CF).

Proof. 1) By definition, a grammar system with one component is a context-free grammar.
Thus L(CF) = L1(CF).

Moreover, by definition, £,(C'F) C Lo(CF). Hence L(CF) = Lo(CF).

We now show that Lo(CF) C L(CF). Let G = (N,T,P,,P,,S) be a grammar
system with two context-free components. Without loss of generality we assume N =
dom(Py) U dom(Ps) (i.e., there are no superfluous nonterminals).

We first discuss the cases that S € dom(P;) \ dom(P,). We define the context-free
grammar G’ = (N, T, P, SM) by

N = {AD | A e dom(P)} U{{A® | A € dom(P,)},

P = {AD = dldy...d, | A— aay...a, € P,
a; if a; € T,
a, = agl) if a; € dom(Py), }

)

al? ifa e dom(Py) \ dom(P)

U{A® = da)...d! | A— aay...a, € Py,

a; ifa; €T,
a; = a§2) if a; € dom(P), }.
a§2) if a; € dom(Py) \ dom(P;)

Let
t t t t t *
Py P Py
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be a derivation in G. Then S ==w; is a context-free derivation using the rules of P, and
wy contains no letter of dom(P;), i.e., wy = v11012 . .. vy, With vy; € V' \ dom(P;). Then

. . . v ! .
we have in G’ the derivation S =, v}, ...}, with

;o vy; ifvy €T,
i vg) if vy; € dom(Py) \ dom(P;)

for 1 <4 < ry using in any step the corresponding rule of P. Then

t
w1 = V11012 - . . V1py :P2> U1UI2 - - - Urpy, = Wo,

where vy, :i; uy; and uy; € V'\ dom(Py) for 1 <4 < ry. Thus vy, :;; uy; is a context-free
using only rules of P, and, again, using the corresponding rules of P, we get a simulation
of the derivation w; :;; wy in G’. Clearly, we can continue in this way and obtain that
w € L(G) implies w € L(G"), i.e., L(G) € L(G"). On the other hand, we can change the
sequence in which we apply the rules of G’ such that we apply first rules corresponding to
rules of P; as long as this is possible, then we continue with rules corresponding to rules
of P, as long this is possible; then we return to rules which correspond to rules of P; etc.
Obviously, starting with S and using the corresponding rules of P; and P, in the same
order, we get a derivation in G which yields the same word. Thus L(G") C L(G).

ii) The inclusion £(CF) C L3(CF) follows by definition, and it is proper by the
examples given above.

Now let G = (N,T,P,,P,,...,P,,S) be a grammar systems with n components,
where n > 3. we now construct a grammar system G’ with three components such that
L(G") = L(G), which proves that £, (CF) C L(CF). By the definition we get immediately
L3(CF) = L,(CF) = L(F).

We set

n if niseven °

, {n—l—l if n is odd,
n

Obviously, n’ is even. Then, for 1 < i < n/, we define new pairwise disjunct alphabets
N; = {A(i) | A€ N}. Moreover, for 1 <i <n' and a word w = 21412245 . .. Ty A1
with A4; € N for 1 < ¢ < mand z; € T for 1 < j < m + 1, we set w =
a:lAgZ)ngg) .. .xmA%)a:mH. Now we define

G¢' = (JN, T P, P, Py, 50,

=1
where
Pl = {AD 5 A 1] <i<p/, iisodd, Ae N},

Py = {AD - AU 1 <i<n/ idseven, A€ NYU{A™) — AW | A€ N},
P, = {AD @ | 1<i<n, Ae N}

Obviously, by definition, we have
— @ :Itj wi Y for odd i, 1 < i <mn,
1
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—w® :fj w1 for even 4, 1 <14 < n’, and
2

) = ),
2

— w® :;} v®, where 1 < i <n and w :;> v in G. Thus any derivation in G’ has the
3 [

form

where
t t t t "
S:P> Wy = W => ...=> w, €T
i1 io i3 ir
is a derivation in G. Now it is easy to see that L(G") = L(G). O

Let L be a language. Then we set
N(L) ={n|n = |w| for some w € L},

i.e., N(L) is the set of all lengths of words in L.
Let X be a set of grammars. Then we set

N(X) ={N(L) | L € L(X)}.
Without proof we mention the following statements.

Theorem 13.11 i) N(REG) = N(CF) C N(CS) C N(RE).

it) A set M of natural numbers belongs to N(CF) if and only if there are numbers
TS, D, q1, Qs -+ - QryP1, P2,y -+ Ps Such thatr >0, s >0, p>1, 1 < @< - < q- <p1 <
Py < - < ps and

M = {ql,q2,...,qr}UU{pi+np | n € No}.
i=1

In a subset M of a set U, any element of M occurs once, however, in many applications
an element can occur more often. Thus we associate a number of occurrences with any
element in a set. Formally, this leads to the concept of a multiset.

A multiset M over U is a mapping M of U into the set Ny U {cc} of non-negative
integers and a symbol oo representing infinity. M (x) is called the multiplicity of z.

A multiset M is called finite iff there is a finite subset U’ of U such that M (z) = 0 for
x ¢ U and M(z) # oo for x € U. Then its cardinality is the sum of the multiplicities of
the elements of U.

The cardinality and the length of a finite multiset M are defined as #(M) = >, M(x).

Let M be a finite multiset over a finite set U. Then we can build a word w;; € U*
such that #,(wy) = M(x) for all x € U. Obviously, wy, is uniquely determined up to the
order of the letters. For example, if M over {a,b,c,d} is given by M(a) = 2, M(b) = 3,
M(c) =1, and M(d) = 0, then we can choose any of the words a?b*c, abcabb, cbabab, and
abcbab as wyy.

Conversely, with any word w over a U, we can associate a multiset M by setting
M (x) = #.(w). Clearly, M, = w holds for this situation.

Thus, in the sequel, we shall identify a finite multiset M with an associated word wy.

Obviously, #(M) = |wy,].
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13.2 Basic Membrane Systems and Their Power

The idea of membrane systems is to model a biological cell as a computing device. A
cell is considered as a membrane which contains further membranes which can contain
membranes again. For instance the kernel of a cell gives a membrane contained in the
skin membrane of the cell. Moreover, there is a change of the contents of each of the
cells according to bio-chemical reactions inside a membrane, and there is an exchange of
molecules through the membranes. If one considers the state of the cell, i. e., the molecules
inside the membranes, as a configuration, then the above mentioned reactions lead to a
change of the configuration. Therefore we have something which looks as a computation.
However, inside of each membrane we only have a finite multiset of objects; therefore the
computation is not done via words, it is done via multisets.

In Figure 1 we give a cell by the outer skin membrane 1 containing two membranes 2
and 3 and the membrane 2 contains a further membrane 4. Moreover, the content of the
cell itself is the multiset with the associated word abb, the contents of the three membranes
2, 3, and 4 inside the cell are the multisets/words be, aac, and abe respectively.

abe aac 3
4
2 be
abb 1

Figure 13.1: A membrane structure

The first problem is to describe the membrane structure. This can be done by a tree,
where the outer skin membrane is the root and x is a child of y if and only if the membrane
y contains the membrane . The membrane structure of the cell given in Figure 13.1 is

then represented by
/ | \
2 3

4

A further possibility to give a membrane structure is a correct sequence of indexed
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brackets where the index refers to the membrane. The outer membrane is represented
by [1]i. If one has already a membrane structure where [; is followed by |;, i.e., the
sequence of brackets has the form w[;];w’, and the ith membrane contains the membranes
J1,J2, - -+, Js, then we get a bracket word

w[i[ﬁ]jl [j2]j2 s [is]js]iw/ .

The structure given in Figure 13.1 is represented by [1]2[4]4)2[3]3]1-
A membrane is called simple if there is no membrane inside of it. In terms of trees
which describe a membrane structure, the leaves correspond to simple membranes.

We also have to clarify the concept of a rule in a membrane system because we cannot
only change a letter or a multiset of letters, i.e., a word, we can also move letters or
multisets of letters through membranes. Obviously, a letter is kept in a membrane, or it
can go out of the membrane, or it can move into a membrane which is inside the given
membrane. Therefore we define the set T'ar consisting of here, out and in; where j refers
to the j-th membrane. Thus we formally define a rule in a membrane system as a pair

(ZEll’Q eIy, (yl, tl)(yg, tg) e (ym, tm))

where z; and y; are letters for 1 <¢ <nand1 <j <m,andt; € Tar for 1 <j <m. The
application of this rule to the multiset x;25 ... x, in membrane k is performed as follows:
the multiset ;25 ... 2, is taken away from the multiset of membrane j, the letters y,,
1<qg<m,

— are added to the multiset in membrane j, if ¢, = here,

— are added to the multiset in membrane k, if ¢, = out and membrane k contains mem-
brane 7,

— are given to the environment (and are lost) if ¢, = out and membrane j is the outer
membrane,

— are added to the multiset in membrane p, if ¢, = in, and membrane j contains mem-
brane p. We note that, obviously, given a membrane j, the targets of the rules applicable
to multisets in membrane j — besides here and out — can only be numbers of membranes
which are contained in membrane j, i.e., which are sons of 7 in the tree describing the
membrane structure. Moreover, out defines a unique membrane or the environment to
which the letters have to go.

Again, we write z125 ...z, — (y1,61)(Y2,t2) - . . (Ym, tm) for a rule.

In order to simplify the notation, we write a instead of (a, here).

Thus we know, how to apply a rule. But in contrast to sequential grammars as
context-free grammar or other phrase structure grammars, by the biological motivation,
the rules have to be applied in parallel since some chemical reactions occur at the same
moment. But we have a difference to L systems, too. In L systems, the rules are applied
to letters — perhaps depending on the context — and thus the parallelism requires that
to any object a rule has to be applied. In membrane systems, the rules are applied to
multisets and thus it is possible that some objects remain to which no rule can be applied.
For instance, let p; = ab — a(b, out)(a,ing), ps = a — bb, p3 = bb — (a, out)(a, ins) be the
rules associated with the first membrane in the membrane structure given in Figure 13.1,
where the membrane 1 contains the multiset represented by the word abb. If we apply the
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rule p; then we take from this multiset one occurrence of a and one occurrence of b such
that one occurrence of b remains to which no rule is applicable. On the other hand, if we
apply the second rule py, then two occurrences of b are not involved, and we can apply ps3
parallel to po. We require that we apply all rules in such a way that no rule is applicable
to the remaining multiset. This is formally given in the following definition.

Definition 13.12 Let a multiset M and a set P = {wy; — v, wy — Vo, ..., Wy — U}
of rules be given. We say that P is applied in a maximal parallel way iff the following
conditions are satisfied:

— M has a representation wy = w;, w;, . . Lw; '

—all rules w;, — v;,, 1 <k <r, are applied,
— no rule of P is applicable to w'.

Note that it is allowed that there is another representation wj wj, ... w;w” of M with
s # r and/or iy # j, and/or w' # w” where we have to apply all rules w;, — v,
1 <k < s, and no rule of P is applicable to w”. Thus there is some nondeterminism in
the definition of a maximal parallel derivation.

Before giving the formal definition of a membrane system we shortly discuss the prob-
lem of defining the generated language. Obviously, since the membranes contain multisets,
only multisets can be generated. In a (context-free) grammar a derivation is finished iff
the generated word contains only terminals, or in other words, no rule can be applied to
the generated sentential forms. Therefore it is of interest to consider such multisets which
are in the system if no rule is applicable. There are at least two possibilities for the choice
of the generated multiset: take the union of all multisets present in the membranes or
choose a special membrane and take the multiset in that membrane. We shall follow the
second idea. Moreover, we shall not consider multisets, which count how often a letter
occurs; we shall consider only the number of letters occurring in the multiset, that is the
length of the word describing the multiset.

We now give the formal definition of a membrane system.

Definition 13.13 i) A membrane system with m membranes is a (2m + 3)-tuple
['= (V,p, w1, wa, ... Wy, Ry, Ra, ... Ry, 1)
where
e V is a finite alphabet (of objects occurring in the membranes),
e 1 is a membrane structure (of m membranes),
o for1<j<m, w;is aword over V (gwing the initial content of membrane j),

o for1 < j <m, R, is a finite set of rules which can be applied to words in mem-
brane 7,

e 1 is a natural number such that 1 <1 < m and the membrane i is a simple membrane
(the output membrane).
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ii) A configuration of T is an m-tuple of multisets/words.

For two configurations C' = (uy, g, ..., uy) and C" = (u},u), ... ul,), we say that C
is transformed to C" by T', written as C = C" if and only if C' is obtained from C by a
mazimal parallel application of rules of R; to u; for all i, 1 < i < m, i.e., no rule of R;
can be applied to the multiset which remains after subtracting all sets to which rules are
applied from u;.

iii) A configuration C' = (uy,us, ..., uy) s called halting iff no rule of R; is applicable
to u; for1 <1 <m.

i) The language L(I") generated by a membrane system I" is the set of all numbers n
such that there is a halting configuration C = (uq,us, ..., Uy) of I' with |u;| = n.

We give two examples.

Example 13.14 We consider the membrane system
Fl = ({CL, ba C}a [1 [2]2]17 CL2, >\a Rl, ®7 2)

with
Ry = {a — (a, here)(b,ins)(c, ing)?, a* — (a,out)?}.

Since, initially, we have two letters a in the membrane 1, we have two possibilities: we
apply two times the rule a — (a, here)(b,ins)(c,inz)* or we apply once the rule a®> —
(a,out)®. In the latter case both letters a are send in the environment and are lost
such that the derivation stops since no further letters are in membrane 1. In the former
case, two letters a remain in membrane 1 and two letters b and four letters ¢ are send
inside membrane 2. If we apply n times a — (a, here)(b,ins)(c,in,)? and finish by one
application of a®> — (a, out)?, then we have finally 2n letters b and 4n letters ¢ in membrane
2. Hence
L(Ty) ={6n | n > 0}.

Example 13.15 Let
FQ - ({AJ B7D7E7X7 Y7 Z7a7 #}7 [1[2]2]17XA-DE7 )‘7R17 Q)a 2)
be a membrane systems with two membranes where

Ry, = {XADE — XBBDE, XE —-YE, AD — #,# — #,
YBDE — YADE, YD — YD, BE — #,
YD — Z, ZA — Z(a,ins) }

We note that any application of a rule requires an occurrence of X or Y or Z. the initial
configuration contains one such letter, namely X, and each rule produces at most one
such letter. Therefore only one such letter occurs in any configuration (and as we see
below, hence we can only apply one rule of Ry in each step). Furthermore, if the letter #
is introduced by some rule, then we can apply the rule # — # at every moment and thus
the system cannot reach a halting configuration, i.e., no word of L(I's) can be generated.

Let a configuration (XA®DE, \) with n > 1 be given: note that the initial configu-
ration is given by n = 1. Then we cannot apply X F — Y F since we also have to apply
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AD — # by the maximal parallelism, which introduces #. This holds as long A is present
in the first component of the configuration. Hence we get

(XA"DE, )\ F (XA 'B*DE \) F (XA" 2B*DE,\) - ---+ (XB*DE, \).

Now we can use X E — Y E (and only this rule is applicable) since it cannot be accompa-
nied by DA — #. Thus we have (Y B*"DE, \). By arguments as above we have to replace
all occurrences of B by A using the rule YBDE — Y ADE. This yields (Y A*"DE, \).

Now we have two cases for the continuation.

Case 1. We apply YD — X D. Then we obtain the configuration (X A?"DE, \) which
has the form as the configuration from which we started and the process of doubling the
A’s can be iterated.

Case 2. We apply YD — Z. We get (ZA*™E, \). In this configuration only ZA —
Z(a,iny) is applicable. Thus we obtain

(ZA™E, N - (ZA* B a) - (ZA*E,a®) - -+ (ZE, ™).
The last configuration is a halting one and therefore a®" belongs to L(T'y). Therefore
L(Ty) ={2" | n>1}.

We ask the reader to note that the membrane systems I'; works as the matrix grammar
GG5. In both cases the introduction of # leads to a non-terminating derivation or only to
non-halting configurations, and it is necessary to replace all A’s or all B’s, before X can
be changed to Y or Y to X or Z, respectively.

A letter ¢ € V is called a catalyst iff all rules where ¢ occurs have the form ca — cw
with a € V and w € (V xTar)*, i.e., the catalyst is not changed by the reaction, however,
it is necessary that a can perform the change to w.

We say that a rule v — w with w € (V' x Tar)* is
— non-cooperating iff u € V|
— cooperating iff |u| > 2,

— catalytic iff w = ca and w = cw’ for some catalyst ¢, some a € V and some w' €
(V x Tar)*.

The notions non-cooperating and cooperating correspond to context-free and arbitrary
rules, respectively, in usual grammars. However, since in a membrane system the words
are interpreted as multisets we have no context in membrane systems and therefore we
have only a cooperation between the letters of a multiset if the multiset is replaced.

We say that a membrane system is
— non-cooperating if all its rules are non-cooperating,

— catalytic if all its rules are non-cooperating or catalytic, and
— catalytic if it contains at least one rule which is cooperating and not catalytic.

By L, (P,nco), L,(P,cat), and L, (P, coo), we denote the families of languages which
can be generated by non-cooperating, catalytic, and cooperating membrane systems with
at most n membranes, respectively. For X € {nco, cat, coo},

L.(P,X) =] L.P,X).

n>1
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By definition, for X € {nco, cat, coo}, we have
L1(P,X)C Ly(P,X)C L3y(P,X)C---CL(P,X)C - CL(P,X). (13.1)

We first prove that the hierarchies given in (13.1) is finite for all X under consideration
and has at most two levels.

Lemma 13.16 For X € {nco,cat,coo} and n > 2,
Li(P,X)C Ly(P,X)=L,(P,X)=L,(P,X).

Proof.  Obviously, by (13.1) it is sufficient to prove that L,(P, X) C Lo(P, X).
The idea of the proof consist in an indexing of letters in such a way that the index
gives the membrane in which the letter is. Thus we set

Vi={aj|lacV,1<j<m,j+#i}

and define for 1 <

j <m, j # i, the morphisms h; : V.— V' by h(a) = a;.
Let L € L.(P, X).

Then L = L(I") for some membrane system I'. Let
I'= (V,,u,wl,wg,...,wm,Rl,Rg,...,Rm,i)

with m > 3 (if m < 2, then L € Ly(P, X) by definition). We construct the membrane
system
"= (V' UV i), wi, wi, Ry, R )
with
wi = hl (wl)hg(wg) e hi_l(wi_l)hiﬂ(wi+1)hi+2(wi+2) e hm(wm)

and R} and R} consisting of all rules which are constructed in the following way:

o If u — (by,t1)(ba,ta)...(bs,ts) € R with 1 < k < m, k # i, then hy(u) —
C1C ... cs € R where
— ¢, = ((by)k, here) if t, = here
— ¢, = ((by)p, here) if t, = in, and p # i,
— ¢, = (b, iny) if t, = in,,
— ¢ = ((b.), here) if t, = out and [ is the unique membrane which contains mem-
brane k in p.

o If u — (by,t1)(bo,t2)...(bs,ts) € R; with 1 < k < m, k # i, then hy(u) —
c1C ... cs € R, where
— ¢, = (b, here) if t, = here
— ¢, = ((by)r,out) if t, = out and I’ is the unique membrane which contains mem-
brane ¢ in p.

By these definitions,

(1,02, ..., Up) (V] 05, ..., 0))

in ' if and only if

(hl (Ul) . hi_1<vi_1)hi+1(’vi+1) c. hm(vm), Uz') H (hl (Ui) e hi_l(vg_l)h“_l(l};_’_l) c. hm(v;n), ’U;

)
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in I”. Moreover, we have that (vy,vs,...,v,,) is a halting configuration of T if and only if
(hi(vy)ho(va) ... hi—1(Vi—1)hiv1(Vig1) - - - B (Vi) ;) is a halting configuration of I'V. There-
fore the membrane i contains the same multisets if a halting configuration is obtained.
Thus L(I') = L(I"). This implies L = L(I") € Lo(P, X). O

We now prove that Lemma 13.16 can be improved for nco and coo to n > 1. Moreover,
we characterize L,.(P,nco) and L, (P, coo).

Theorem 13.17 For alln > 1, L£1(P,nco) = L,(P,nco) = L.(P,nco) = N(CF).
Proof. By (13.1) and Lemma 13.16, it is sufficient to prove that N(CF) C L(P,nco)
and Lo(P,nco) C N(CF).

Let L € N(CF). Then there is a context-free language L’ such that L = N(L').
Let G be a context-free grammar generating L. We construct the membran system
I'=(NUT,[1]1, S, P, 1). Note that the rules of P in I' are a short writing of rules where the
target is here in all cases. It is obvious that a derivation S — w; = wy = ... = w,
in G corresponds to (S) F (wy) F (wg) F -+ F (w,) in I' (any configuration has only one
component). Moreover, z € L(G) iff z € T* iff no rule is applicable in G iff (2) is a halting
configuration. Hence L(I') = N(L(G)) = N(L') = N. This proves N(CF') C L,(P, nco).

Let L = L(T") for some membrane system with 2 membranes, i.e.,
['= (V, [i[alo]1; w1, wa, Ry, Ry, 2).

Fori € {1,2}, let F; be the set of all letters a € V such that there is no rule with left-hand
side a in R;. Without loss of generality we assume that w; contains no letter of Fj since
such letters cannot be changed by I', and therefore they are superfluous for L(T"). We set

Vi={a;|aeV}and V) ={a, | a eV},
the define the homomorphisms

hi -V — V! g1 :Vx{here,out,iny} — F,UV/UV; and g, : V x{here,out} — F>,UV]UV,

by
h@ = d,
m(nere) = { G Lot
g1((byout) = X,
91((byin2)) = {2’2 gtﬁefviée,
92((b, here)) = {2’2 i)ftfleervﬁe,
m(here) = {5 DO
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and the grammar system G = (N, V' \ Fy, Py, P, S) with two components by

N = ViuWwuVyuV,u{s}
P1 = {S—>hl(’wl)h2<UJ2)}U{CLZ—>gZ<SL’) | CL—>$ERZ‘,1 §z§2},
P, = {a,—a|acV,1<i<2}

A configuration (wqv,wou) of I' with wy € (V' \ F1)*, v € Ff, wy € (V \ Fy)* and u € Fy
is described in the grammar system G by a word hq(w;)ha(ws)u. Such a word cannot
be processed by the first component of G and the second component of G cancels all
the primes, i.e., we obtain the word vivou where vy is the variant of w; where all letters
have the index 1 and v, is the variant of wy where all letters have the index 2. The first
component of G transforms a word vyvou with vy € Vi* and vy € V5' in uyuy where uy and
ug are the indexed and primed versions of w] and w!) with (wy,wou) F (w}, whu) besides
the letters of F} which are cancelled since they do not contribute to I' and the letters
of Fy which remain in the second membrane. Therefore there are words 2, € (V' \ F})*,
z € Ff, zo € (V\ Fy)* and «' € Fy such that w| = 212, wy = 29u’ and

h(wy)h(we)u = p, v1v9u = p, hi(21)ha(22)u'u

in GG. Moreover, the derivation stops in G if and only if all letters belong to F5, and a
halting configuration in I' is obtained if and only if all letters in membrane 1 belong to
F5 and all letters in membrane 2 belong to F5. Taking into consideration that the letters
of F are cancelled in G, we obtain that L(I') = N(L(G)). By Theorem 13.10 i), L(G) is
a context-free language. Hence N(L(G)) € N(CF). Therefore we have L(I') € N(CF)
and Lo(P,nco) C N(CF) is shown. O

Theorem 13.18 For alln > 1, L1(P,coo) = L, (P, coo) = L.(P, coo) = N(RE).

Proof. By (13.1) it is sufficient to prove that N(RE) C L;(P, coo).

Let L € N(RE). By Theorem 13.4, there is a matrix grammar G = (N, T, M, S, F)
such that L = N(L(G)). By Theorem 13.6, we can assume that G is in normal form. We
construct the membrane system

I'=(NMUNUTU{S, Z,#,H H H'} U{H4 | A€ N}, [1]1,5, Ry, 1)
with Ry consisting of all rules of the forms

(1) S—HXAfor (S— XA)e M,

(2) HXA—HYzfor (X =Y, A—uz)e M,

(3) HX — HH,Y, H\A— #, # > # H — H'" H'H, — H
for (X =Y, A— #) e M,

4)  HZ -\

Obviously, we have S = XA in G and (S) F (HXA) in T, i.e., besides the additional
symbol H we have simulated a derivation step of G.

If we have a sentential form w = Xw; Aw, in G, then we can apply a matrix of the form
(X =Y, A — z) and obtain Yw;zw,. In T' we simulate this by applying HXA — HY z
to H X w; Awy which gives HY wizw,, 1. e., the simulation is correct.
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The matrix (X — y, A — #) is only applicable to Xw if A does not occur in w and
results in Yw. Accordingly, if we apply HX — H'H,Y to Xw, we get H'H, Y w. If A is
present, i.e. w = wy Aw,, we have to apply H' — H” and HyA — # in parallel (maximal
parallelism) and get H”#wjws. However, now # — # can be applied at any moment
and thus we cannot come to a halting configuration. If A is not present, we get

HHYwk H'H\YwE HY w,

i.e., again, the application of (X — y, A — #) is correctly simulated by the rules of (3).
If Z — Xis used in G we simulate this by HZ — .
By these explanations it follows that L(I') = N(L(G)) = L and thus L € L(P, coo)
which proves N(RE) C L;(P, coo). O

For catalytic systems the situation is different since the hierarchy has two levels.

Theorem 13.19 For all n > 2, L1(P,cat) C Lo(P,cat) = L,(P,cat) = L,(P,cat) =
N(RE).

Proof. 'We omit the proof of the strictness of the inclusion £(P, cat) C Lo( P, cat).

Let L be the length set of a recursively enumerable language. Then there is a matrix
grammar G = (N7 U Ny U{S, Z, #},T, M, S, F) in normal form (see Definition 13.5 and
Theorem 13.6) such that L = N(L(G)). Let (X; — Y, 4, — w;), 1 < i < s, and
(X; = Y, A; — #), s+ 1 < j <t, be the matrices of M which consist of two rules.
We note that any sentential form of G, which does not contain S or Z, contains exactly
one element of N;. Since for membrane systems the order of the letters in a word is not
important, we assume without loss of generality that, for 1 < i < s, w; = wiw! with
w, € Ny and w! € T*. If all elements of the multiset/word w = ajas...a, are sent in
a membrane ¢, we write (w,in;) instead of (ay,in;)(ag, in;) ... (an,in;). We construct the
catalytic membrane system

I'=(V,[il2l2)1, S, A, R, 0, 2)

with

t s
V = Nl U N2 U {S> Za #7 §7 §17 §27 §3,7", Co, C} U U{Tiﬂ";a Ci, in Q;} U U{Q;/}>
=1 i=1

Ry = {S—c8cocr...ciir' XA| (S — XA) € M}
U{c§ — ¢,c82 — ¢,cor — o8, c0Z — ¢, 81 — 82,82 — 83,83 — §1,
r— #,H o H#— H#)
U {7’7; — #,X; — #;Q; — Y, X — Cz‘Q;rfacﬂ’ — G, CoTy — Co’f’§§,
cory — cor8, 8 — i# | 1 <i <t}
U{eiry — cirlyery —cr | 1 <i <, 1< <0 # j}
U {Ql - Q;7CZAZ - CiQ;,7 ;I - w;(w;’,mg) ’ 1 S i S 8}

U{cQi — ciQ;, ciAi — aift | s+1<i <t}

The catalysts are given by ¢, cg, c1, ..., .
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Let us consider a configuration (c§cocy ... cr'81 X;A;21, 29) and assume that it corre-
sponds to a sentential form which is up the order of the letters X;A;z12, with z; € Ny
and zo € T™.

We first discuss the case ¢ < s. To avoid the application of a rule § — #, r — #,
and X; — # we have to use the rules cor — ¢o8, ¢jr — ¢; for 1 < j <t, j # 4, and
;i X; — ¢;Qirt (and §; — §5). Thus we get

(c§eocr - -’81 XAz, 22) = (cBeocr - .. 782 Qi Aizn, 22).
By similar reasons, we now obtain

(c8cocy - .. ciri§aQiAizy, 29) b (c8coey - .. ¢ (1) 83QLQY 21, 23)

(note that we introduce # via ¢;§5 — ¢;# if no A; is present; in this case (X; — V;, 4; —
w;) is not applicable), and then

(c8coey - .. (1) 183Q0Q 21, 20) F (c§eger - . . cprt§y Yiwlzy, wl 29)

(note that ¢; is involved in no applied rule). The latter configuration corresponds to
Yiwlzyw! zo which is obtained from X;A;z; 22 by application of (X; — Y;, A; — w;).

If s+ 1 <i<t, we want to simulate the application of (X; — Y;, A; — #). Thus A;
has not to be present in the sentential form (since otherwise # is produced in the matrix
grammar and we cannot terminate). We get the following sequence of configurations:

(cScocy ... cir'§1 X521, 20) F (c§epey . .. cri8aQi21, 22)
o (c§eocy - .. ce(r))'83Q% 21, 22)
o (c8eoer ... cr'§1Yiz, 2o).

If A; is present, then we introduce # in the last step via ¢;A; — ¢;#; if A; is not present,
then ¢; is not involved in the last step. Obviously, the corresponding sentential form
Y;z1 25 is obtained from X,z 2o by application of (X; — Y;, A; — #).

It remains the case where Z is present. Then our configuration is (c§coc; . .. 781 7, 2),
and the sentential form is Zz with z € T*. We obtain the transformations

cScocy ... cr'§1 72, 2) F (ecoey ... 82, 2) I (ceper . .. ety 2)

and the derivation Zz = z by application of (Z — ). In both cases we have a halting
configuration. Thus L(I') = N(L(G)) = L. O

For completeness we remark that we used ¢+ 2 catalysts where ¢ is number of matrices
consisting of two rules in the matrix grammar in normal form. In [?], it has been shown
that two catalysts are sufficient to generate all recursively enumerable languages. It is
open whether one catalyst is sufficient.

13.3 Membrane Systems with Symport/Antiport Rules

In this section we discuss membrane systems without the ability of changing objects.
Hence only the moving through the membranes can be used for computation. Thus we
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have a process which only works by the exchange of information. Hence the study of
these systems is also of interest from an information-theoretic point of view, since it is
investigated the power of communication.

In biology it is known that there are many cases where two chemicals pass through a
membrane at the same time with the help of each other. Both chemicals go in the same
direction (this is called symport) or in opposite direction (called antiport). Formally, such
movements can be written as (ab,in) or (ab, out) in symport case where both chemicals
come in or leave out a membrane, respectively, or as (b, out; a,in) denoting that a comes
in and b leaves a given membrane.

Obviously, if one considers membrane systems where any rule is a symport or antiport
rule, then no change of the involved chemicals occurs, and therefore finitely many objects
are only moving around, which gives only a strongly limited power. Therefore we add
symbols in the environment and assume that an infinite number of copies of each of these
symbols is present in the environment.

We now give the formal definition of a membrane system with symport/antiport rules.

Definition 13.20 i) A membrane system with m membranes and symport/antiport rules
15 a construct

I'=(V,pu, E,wy,wa, ..., Wy, R, Ra, ... Ry, 1)

where V', p, wy, Wy, ... Wy, Ry, Ry, ..., R, and 1 are specified as in membrane system, E
is a subset of V and, for 1 < j < m, R; is a finite set of rules of the form (x,in) or
(x,out) or (x,out;y,in) with x,y € VT,

ii) A configuration of a membrane system with symport/antiport rules is an m-tuple
C = (ug,ug, ..., uy) of words (or equivalently, multisets) over V.

Let j, 1 < j < m, be a membrane and let j’ be the unique membrane which contains
membrane j. The application of a rule (x,in) of R; to C results in taking the multiset
x out ¢y and adding to c;; the application of (z,out) is performed by subtracting x from
¢; and adding to cj; the application of (z,out;y,in) consists in a parallel application of
(z,out) and y,in) as described. If j is the outer membrane, then E takes the rule of
membrane 7' where any element of E is present in E infinitely often.

The transformation of a configuration C into a configuration C' (written as C = C")
is done by a mazximal parallel application of the rules of all R;, 1 < j <m, to C.

A configuration C s called halting if no rules from the sets R;j, 1 < j < m, can be
applied to C

iii) The language L(I") generated by a membrane system I with symport/antiport rules
is the set of all numbers n such that there is a halting configuration C = (uy, ug, ..., Up)
of T with |u;| = n.

Example 13.21 We consider the membrane system

I'= (V7 [1[2]2]17Eaa'07 df7 Rla RQ; 2)
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with

V = {a,b,c,d,d e €, f, g,#},

{a,b,c,c e.€s f, 9,9},

Ry = {(c,out;#,in), (ca,out;cbb,in), (ca,out,dbb,in), (da,out;#,in)
(d'd, out; e,in), (eb,out;ea,in), (eb,out;e’ a,in), (fb,out;#,in),
(€'f,out; cdf in), (e'f,out;g,in)},

Ry = {(d,out;c,in), (¢,out), (f,out;€ in), (¢, out), (df,in),
(#,in), (#,o0ut), (ga,in), (g,out)}.

&
|

First we mention that the introduction of # is forbidden, again, because by the rules
(#,0ut) and (#,in) in Ry the symbol # can alternately moved from membrane 2 to
membrane 1 and conversely such that no halting configuration can be reached. We study
now the computations starting in (ca”, df) (note that the case n = 1 is given initially). If
we use the rule (ca,out;cbb,in) € Ry, then we obtain (c'bba™ ', df). Now only the rule
(d,out; c,in) is applicable, which leads to (da" ', f). Now we have to apply in parallel
the rules (da,out;#,in) and (¢',out), introduce the letter # and cannot get a halting
configuration. Therefore we can only use (ca,out;c'bb,in), if the last occurrence of a
inside the first membrane is cancelled by its application. Thus the only possible successful
computation s

(ca™ df) F  (cbba™ ', df) by (ca,out; cbb,in) € Ry

o (cbta™2, df) by (ca, out; cbb,in) € Ry
o (cb®2a, df) by (ca, out; cbb,in) € Ry
o (b, df) by (ca,out; c'bb,in) € Ry
Fo(dv*, f) by (d,out;c,in) € Ry

F o (ddb*™, f) by (¢, out) € Ry

o (eb®, f) by (dc, out;e,in) € Ry
o (eab® L, f) by (eb, out; ea,in) € Ry
o (ea®b®™ 2, f) by (eb, out; ea,in) € Ry
F o (ea® b, f) by (eb, out; ea,in) € Ry
Fo(ea®, f) by (eb, out; €'a,in) € Ry
F o (fa®™,¢€) by (f,out;e',in) € Ry

(€ fa®, \) by (¢/,out) € Ry

(note that an earlier use (eb,out;€'a,in) € Ry leads to an introduction of # as above).
Now we have two possibilities of continuation:

(€fa®", \) F (cdfa®,N) by (¢'f,out; cdf,in) € Ry
o (cbba® 1, df) by (ca,out;cbb,in) € Ry, (df,in) € Ry
which means that, essentially, we have doubled the number of occurrences of a in mem-
brane 1 and can iterate this process, or
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(¢ fa* A) F (ga®,N) by (¢'f,out; g,in) € Ry
F o (a®*71) ga) by (ga,in) € Ry
F o (ga®™ 1 a) by (g,out) € Ry
F o (a®72, ga?) by (ga,in) € Ry
F o (ga®?a®) by (g,0ut) € Ry
Fo (A ga®™) by (ga,in) € Ry
= (g,a0*) by (g,0ut) € Ry

and a halting configuration is obtained. Therefore
L) ={2"|n>1}.

We now prove that membrane systems with symport/antiport rules, i.e., membrane
systems which only work on the basis of communication, are able to generate all recursively
enumerable sets of numbers.

Theorem 13.22 For any set L € N(RE), there is a membrane system I' with sym-
port/antiport rules such that L(I') = L.

Proof. By Theorems 13.4 and 13.6 there is a matrix grammar G = (N, T, M, S, F) in
normal form such that L = N(L(G)). Let (S — X'A’) be the only matrix in G of this
form. Let M have n matrices of the form (X — Y, A — z) or (X — Y, A — #).

We define the membrane system

I'= (‘/7 [1[2]2]17 E7 CX/A/7 Aa Rh R2’2)

with

Vo= NlUN2UTU{C7g7h7Z7#}UU{Ci7C;7di}7

i=1
E = NlUN2UTU{g7hvz7#}UU{Civcg’di}7
i=1
Qi = {(cX,out;c;Y,in), (c;A,out;ccj,in), (cj,out;z,in), (c;,out;#,in)}
for m; = (X =Y, A — x),
Q: = {(cX,out;cd;,in), (d;,out;Yhyin), (¢;A,out;#,in), (h,out;cg,in), (c;g,out)}
form; = (X =Y, A — #),

Ry = {(c,out;#,in), (cZ,out)}UUQZ-,
Ro = {(#,in), (#, out)} U{(a,in) | a € T}.

We note, again, that introducing the symbol # does not allow reaching of a halting
configuration since it can be move from the second membrane to the first membrane or
conversely at every moment.

Moreover, the second membrane only collects the terminals occurring at some moment
in the first membrane.
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Therefore we now consider only the first component of a configuration. If it has the
form ¢ X Aw (as it is the case for the initial configuration), then we can without introducing
# only perform the following steps

cXAw b ;Y Aw F edYw F Y azw

which means that we have correctly applied the simulation of the matrix m; = (X —
Y, A — z) and can proceed with the simulation of a further matrix.
If the configuration is cXw and A does not occur in w, then the following steps have

to be done
cXwk cgdwt ¢;YhwF ¢;Yeqgw = cYw

which is a correct simulation of the application of (X — Y, A — #).

Moreover, in both cases we stop if no nonterminal is present in the sentential form
or in the first membrane (since the configuration (cZw,z) is only reachable if w € \).
Therefore L(I') = N(L(G)) = L. O



