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Abstract. P-systems recently were introduced by Gheorghe Paun as a
new model for computations based on membrane structures. Using the
membranes as a kind of filter for specific objects when transferring them
into an inner compartment turned out to be a very powerful mechanism
in combination with suitable rules to be applied within the membranes
in the model of generalized P-systems, GP-systems for short. In general,
GP-systems allow for the simulation of graph controlled grammars of
arbitrary type based on productions working on single objects. In this
paper we consider GP-systems as computing devices using splicing or
cutting and recombination of strings. Various variants of such systems
are proved to have universal computational power, e.g., we show how test
tube systems based on splicing or cutting and recombination of strings
can be simulated by the corresponding GP-systems.

1 Introduction

In the model of P-systems as introduced in [19], the most important feature
is the membrane structure (for a chemical variant of this idea see [2]) consi-
sting of membranes hierarchically embedded in the outermost skin membrane.
Every membrane encloses a region possibly containing other membranes; the
part delimited by the membrane labelled by k and its inner membranes is called
compartment k. A region delimited by a membrane not only may enclose other
membranes but also specific objects and operators, which in general are con-
sidered as multisets, as well as evolution rules, which in generalized P-systems
(GP-systems) as introduced in [8] are evolution rules for the operators. In GP-
systems, ground operators as well as transfer operators (simple rules of that kind
are called travelling rules in [24]) are taken into account; these transfer operators
transfer objects or operators (or even rules) either to the outer compartment or
to an inner compartment delimited by a membrane of specific kind with also
checking for some permitting and/or forbidding conditions on the objects to be
transferred (in that way, the membranes act as a filter like in test tube systems,
see [21]). In contrast to the original definition of P-systems, in GP-systems no
priority relations on the rules are used, because this feature can be captured in
another way by using the transfer conditions in the transfer operators. Moreover,
in general the objects are not affected in parallel by the rules; the proofs of the
results established so far in various papers on P-systems, see [6], [18], and [22],
show that only bounded parallelism is needed.

Since Adleman’s paper [1], the field of molecular computing and DNA com-
puting has developed rapidly, and many interesting theoretical results could be
obtained; a comprehensive overview is given in [21]. Hence, it is quite natural
to consider GP-systems with splicing or cutting and recombination rules; these
systems can be seen as a new model in the field of molecular computing that
uses these operations of splicing or cutting and recombination (well-known in
the area of DNA computing) within a membrane structure. Both the membrane



structure as well as the operations used therein are motivated by nature; yet
despite this biological background, real implementations in the lab (“in vitro”)
or in electronic media (“in silicio”) remain topics for future interdisciplinary
research.

In the following section we start with some preliminary notions from formal
language theory and then give a general definition of a molecular system that
captures the notions of splicing systems and cutting/recombination systems of
strings; moreover, we define test tube systems based on these operations. In the
third section we introduce the model of GP-systems used in this paper, especially
GP-systems with splicing or cutting/recombination. The first results on GP-
systems with splicing or cutting/recombination rules working in the multiset
manner are established in the fourth section. Our main results showing that GP-
systems with splicing or cutting/recombination rules allow for the simulation of
the corrsponding test tube systems based on splicing or cutting/recombination
are elaborated in the fifth section. A short summary of the main results of this
paper and an outlook to future research topics conclude the paper.

2 Preliminary Definitions

First, we recall some basic notions from the theory of formal languages (for more
details, the reader is referred to [5]).

For an alphabet V| by VV* we denote the free monoid generated by V under
the operation of concatenation; the empty stringis denoted by A, and V*\ {A} is
denoted by V*. Any subset of V¥ is called a A-free (string) language. N denotes
the set of non-negative integers.

A multiset over B is a function M : B — N U{oc}; (M, z) is the number of
copies of # € B in the multiset M. All the multisets we consider are supposed to
be defined by recursive mappings M. The set {w € B | (M, z) > 0} is called the
support of M and it is denoted by supp (M). A usual set S C B is interpreted
as the multiset defined by S(z) = 1 for 2 € S, and S(z) =0 for z ¢ S. For two
multisets My, My we define their union by (M; + My, 2) = (My,2) + (Mg, z),
and their difference by (My — My, z) = (My,2) — (Ma,z), = € B, provided
(My,z) > (Ma,z) for all z € B. Usually, a multiset with finite support, M, is
presented as a set of pairs (z, (M, z)), for € supp(M).

In order to prove our results in a quite general setting, we use the following
general notion of a molecular system:

A molecular system is a quadruple o = (B, Br, P, A), where B and Br are
sets of objects and terminal objects, respectively, with By C B, P is a (finite)
set of productions, and A is a (finite) multiset of axioms from B. A production
p in P in general is a partial recursive relation C B*¥ x B™ for some k,m > 1,
where we also demand that the domain of p is recursive (i.e., given w € B¥ it is
decidable if there exists some v € B™ with (w,v) € p) and, moreover, that the
range for every w is finite, i.e., for any w € B*, card ({v € B | (w,v) € p}) < c0.
For any two multisets L and L’ over B, we say that L’ is computable from L by
a production p if and only if

L'=(L— (w1 +..+wg))+ (v + ...+ vm)

for some (w1, ..., wy) € B* and (vy, ..., vm) € B™ with (w1, ..., wg, v1, ..., Um) € p;
we also write L =>, L' and L =, L'. A computation in ¢ is a sequence

Lo,....Ln



such that the L;, 0 < ¢ <n,n >0, are multisets over B as well as L; = Lj41,
1 < i < n; in this case we also write Ly =7 L,, and moreover, we write
Lo = Ly if Ly =7 L, for some n > 0. The language generated by o is

Lo)={we By | A=} L,(L,w) > 1}.

2.1 Splicing systems and cutting/recombination systems

The special string productions we shall consider in the following are the splicing
as well as the cutting and recombination operations:

A splicing scheme (an H-system for short) is a pair (V, P), where V is an
alphabet and P C V*#V*$V*#V*; #,$ are special symbols not in V; P is the
set of splicing rules. For z,y,z € VT and r = ui#usSuszfuys in P we define
(z,y) =, z if and only if z = zjujuszs, y = yr1usuays, and z = zujugys for
some zq,T2,y1,y2 € V*. For any language L C V*, o (L) denotes the language
obtained from L by any single application of rules from o to a string from L.
We also define 0 (L) = L and o'*! (L) = o (¢ (L)) for all i > 0, as well as
e (L) = L and ¢t (L) = ¢W (L) U@ (U'(i) (L)) for all ¢ > 0; moreover,
we denote o* (L) = |2, c@ (L) . An extended mH-system (or extended splicing
system with multisets) is a molecular system o, o = (V*,V}, P, A), where Vp C
V, P is a set of splicing rules p C (V* x V*) x V*, and A is the multiset of
axioms.

A cutting/recombination scheme (a CR-scheme for short) is a quadruple
(V,M,C, R), where V is a finite alphabet; M is a finite set of markers; V and
M are disjoint sets; C is a set of cutting rules of the form u#i$m+#tv, where
ue V*UMV* v e VUV*M, and m,l € M, and #,$ are special symbols
not in VUM; R C M x M is the recombination relation representing the re-
combination rules. Cutting and recombination rules are applied to objects from

O (V, M), where we define
OV,M)=VtTUMV*UV*MUMV*M.

For z,y,z € O (V, M) and a cutting rule ¢ = u#t{$m#tv we define 2 =, (y, 2) if
and only if for some o € V*UMV* and 8 € V*UV*M we have z = auvf and y =
aul, z = mvf. For z,y,z € O (V, M) and a recombination rule r = (I, m) from R
we define (z,y) =, z if and only if for some « € V*UMV* and g € V*UV*M
we have z = ol, y = mf, and z = af. For a CR-scheme o = (V, M,C, R) and
any language L C O (V, M), o (L) then denotes the set of all objects obtained
by applying one cutting or one recombination rule to objects from L; o (L),
c@ (L), and o* (L) are defined as above for H-systems. An extended mCR-
system is a molecular system o, o = (O (V, M), 0 (Vp, Mr), P, A), where Vp C
V is the set of terminal symbols, My C M is the set of terminal markers, A is
the multiset of axioms, P is the union of the relations (productions) defined by
the cutting rules from C' (C O (V, M) x O (V, M)2) and the recombination rules
from R (C O (V, M) x O (V,M)), and (V, M, C, R) is the underlying CR-scheme.

In [3] and [13] it was proved that extended mH-systems with a finite multiset
of axioms and a finite number of splicing rules have the computational power
of arbitrary grammars and Turing machines, repectively. Similar results for CR-
systems were proved in [14].

2.2 Test tube systems with filters

In the test tube systems considered in [4] and [9], the contents of the tubes is
redistributed to all other tubes according to specific input or output filters. In



fact, most of the test tube systems to be found in literature work in such a manner
that the contents of the test tubes is only distributed to selected test tubes that
are prescribed, i.e., there are programs how to redistribute the contents of test
tubes, e.g., see [1]. Hence, we use the following general definition for test tube
systems as introduced in [10]:

A test tube system (a TTS for short) o is a septuple (B, Br,n, A, p, D, E),
where

. B is a set of objects;

. Br is a set of terminal objects, By C B;

n, n > 1, is the number of test tubes in o;

A= (41,..., An) is a sequence of sets of azioms, where A; C B, 1 < i < n;

. p is a sequence (p1, ..., pn) of sets of test tube operations, where p; contains

specific operations for the test tube T, 1 < ¢ < n;

6. D is a (finite) set of prescribed output/input relations between the test tubes
in o of the form (i, F, j), where 1 <i<n, 1 <j<n,and F is a (recursive)
subset of B; F is called a filter between the test tubes 7; and Tj.

7. E C{i|1< i< n} specifies the set of final test tubes.

U W N =

In the interpretation used in this paper, the computations in the system
o run as follows: At the beginning of each computation step the axioms are
distributed over the n test tubes according to A, hence, test tube 7; starts its
first computation step with A;. Now let L; be the contents of test tube T; at the
beginning of a derivation step. Then in each test tube the rules of p; operate on
L;, i.e., we obtain p¥ (L;) . The next substep is the redistribution of the p} (L;)
over all test tubes according to the corresponding output/input relations from
D,ie.,if (i, F, j) € D, then the test tube T; from p; (L;) gets p; (L;)NF, whereas
the rest of pf (L;) that cannot be distributed to other test tubes remains in T;.
The final result of the computations in o consists of all terminal objects from By
that can be extracted from a final test tube f from FE, i.e., we take p;‘, (Lf)N Br.

In the following, the abbreviation CRTTS denotes a TTS using cutting and
recombination rules in its test tubes, and the abbreviation HT'TS denotes a TTS
using splicing rules in its tubes.

In [9] test tube systems using cutting and recombination rules in the test
tubes and filters of the forms V*, {m} V* V*{n}, and {m} V* {n} for some
markings m, n were explored, and such test tube systems with only three test
tubes were shown to have the computational power of arbitrary grammars (Tu-
ring machines), the first tube being used for extracting the terminal results. In
[11] this result was slightly improved: Any recursively enumerable language L

can be generated by a CRTTS
o= (MW*M,[e]W*[f],2,(A1,0),(Cy U Ry, Ca) , {(1, F1,2), (2, F2, 1)}, {2})

with only two tubes and the filters Fy, F5 being a finite union of subsets of the
form mWtn with m,n € M.

The theoretical features of test tube systems using splicing rules in the test
tubes and regular filters of the form W* for some alphabet W were investigated
in [4]. In [11] a result similar to that stated above for CRTTS was shown for
HTTS: Any recursively enumerable language L can be generated by an HTTS

o= (W*, EW*F,2, (A1, As), (R1, Ra) , {(1, F1,2), (2, F2, 1)}, {2})

with only two tubes and the filters Fy, Fy being a finite union of subsets of the
form AWTB with A, B € W.



In both cases, two tubes were shown to be enough for all the calculations
needed for yielding the terminal objects in the second tube. The proof idea
used there, i.e., to simulate the productions of the underlying grammar on the
right-hand side of the object in the test tube system and to rotate the string
(which already goes back to Post systems in normal form) had already been used
in many papers on splicing systems (see [17], [21]) and cutting/recombination
systems (e.g., see [14]). The representation of a string w by objects [[] w [r] with
specific markers [I] and [r] on the left-hand side and on the right-hand side had
already been used by Dennis Pixton in [23].

3 Generalized P-systems (GP-systems)

In this section we quite informally describe the model of generalized P-systems
discussed in this paper. Only the features not captured by the original model of
P-systems as described in [18] and [19] will be defined in more details. For the
basic definition of generalized P-systems the reader is referred to [8].

The basic part of a (G)P-system is a membrane structure consisting of se-
veral membranes placed within one unique surrounding membrane, the so-called
skin membrane. All the membranes can be labelled (throughout this paper, in a
one-to-one manner) by natural numbers; the outermost membrane (skin mem-
brane) always is labelled by 0. In that way, a membrane structure can uniquely
be described by a string of correctly matching parentheses, where each pair
corresponds to a membrane. For example, the membrane structure depicted in
Figure 1, which within the skin membrane contains two inner membranes label-
led by 1, containing membrane 3 (with membrane 6 inside) and membrane 4,
and 2 (containing membrane 5) is described by [o [1 [3 [6]4]5 [4]4] 2 [5]5]2]0 . Fi-
gure 1 also shows that a membrane structure graphically can be represented by
a Venn diagram, where two sets can either be disjoint or one set be the subset of
the other one. In this representation, every membrane encloses a region possibly
containing other membranes; the part delimited by the membrane labelled by
k and its inner membranes is called compartment k in the following. The space
outside the skin membrane is called outer region.

Informally, in [18] and [19] P-systems were defined as membrane structures
containing multisets of objects in the compartments k as well as evolution rules
for the objects. A priority relation on the evolution rules guarded the applica-
tion of the evolution rules to the objects, which had to be affected in parallel
(if possible according to the priority relation). The output was obtained in a
designated compartment from a halting configuration (i.e., a configuration of
the system where no rules can be applied any more).

A generalized P-system (GP-system) of molecular type X is a construct Gp
of the following form:

GP: (BaBTaPaAal‘L)])OaRaf)
where

— (B, Br, P, A) is a molecular system of type X;

— pis a membrane structure (with the membranes labelled by natural numbers
0,...,n);

— I = (lo,..., Iy), where Ij is the initial contents of compartment k containing
a (finite) multiset of objects from B as well as a (finite) multiset of operators
from O and of rules from R;
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Fig. 1. Membrane structure: {0 [1 [3 [6]6]3 [4]4]1 [2 [5]5]2} .

0

— O is a finite set of operators (which will be described in detail below);

— Ris afinite set of (evolution) rules of the form (opy, ..., opg; 0py, ..., opl,) with
k> 1 and m > 0, where op1, ..., opg, op}, ..., op,, are operators from O;

— fe{l,...,n} is the label of the final compartment;

The main power of GP-systems lies in the operators, which can be of the
following types:

— P C O, i.e., the productions working on the objects from B are operators;

— Og C O, where Oy is a finite set of special symbols, which are called ground
operators;

— Trin C O, where T'r;, is a finite set of transfer operators on objects from B of
the form (7in 5, E,F), 1 <k <n, E C P, F C P; the operator (Tinx, E, F)
transfers an object w from B being in compartment m into compartment &
provided

1. region m contains membrane k,

2. every production from E could be applied to w (hence, F is also called
the permitting transfer condition),

3. no production from F' can be applied to w (hence, F is also called the
forbidding transfer condition);

— Trour € O, where T'roy; is a finite set of transfer operators on objects from B
of the form (rout, B, F),1 < k <n, E C P, F C P; the operator (7out, £, F)
transfers an object w from B being in compartment m into compartment &
provided

1. region k contains membrane m,
2. every production from E could be applied to w,
3. no production from F' can be applied to w;

— Trl, C O, where Trl, is a finite set of transfer operators working on opera-

in =

tors from P, Og, Tr;pn, and T'ryyu: or even on rules from R; a transfer operator



Tin,k Moves such an element in compartment m into compartment & provided

region m contains membrane k;

- Trl,, C O, where Tr/ , is afinite set of transfer operators working on opera-
tors from P, Og, T'r;n, and T'r,y,; or even on rules from R; a transfer operator
Tout transfers such an element in compartment m into the surrounding com-

partment.

In sum, the multiset O is the (disjoint) union of the sets P, Og, and T'r, where

T itself is the (disjoint) union of the sets of transfer operators Tri, Trout, T7%,,,

and T'r! ,,. In the following we shall assume that the transfer operators in 7'},
and Tr! . do not work on rules from R; hence, the distribution of the evolution

out
rules is static and given by I. If in all transfer operators the permitting and

the forbidding sets are empty, then Gp is called a GP-system without transfer
checking. In contrast to the results elaborated in [8], in this paper we shall only
consider GP-systems without ground operators.

A computation in Gp starts with the initial configuration with 7 being the
contents of compartment k. A transition from one configuration to another one
is performed by evaluating one evolution rule (op1, ..., opx; op}, ..., opl,) in some
compartment k, which means that the operators opi, ..., opg, are applied to
suitable elements in compartment k in the multiset sense (i.e., the operators as
well as the objects the operators are applied to, are “consumed” by the usage
of the rule; observe that ground operators have no arguments and are simply
consumed in that way); thus we may obtain a new object by the application of
a production and/or we may move elements out or into inner compartments by
the corresponding transfer operators; yet we also obtain the operators opj, ...,
opl, (in the multiset sense) in compartment k.

The language generated by Gp is the set of all terminal objects w € Bp
obtained in the terminal compartment f by some computation in Gp.

4 GP-systems working in the multiset manner

The first result we can show immediately is how molecular systems of type X
working in the multiset manner can be simulated by GP-systems of the corre-
sponding types.

Theorem 1. Any molecular system of type X working in the multiset manner
can be simulated by a GP-system of the same type with the simplest membrane
structure [p]o-

Proof. Let ¢ = (B,Br,P,A) be a molecular system of type X. In a de-
pictive way, the corresponding GP-system (B, Br,P, A, [o]y,I, P, R,0), I =
AU{(p,o)|p€e P}, R={(p,p)|pe€ P} is illustrated in Figure 2. The pro-
ductions are used by the evolution rules in a catalytic way only, 1.e., they are
not affected when being applied according to the evolution rule (p, p). Hence, we
would obtain the desired result even with I = AU {(p,1) |p € P}. ]

Obviously, this theorem applies to extended mH-systems as well as to ex-
tended mCR-systems. In these cases it i1s even sufficient that at each time only
one production is present in order to be evaluated by an evolution rule, which
then has to generate the next production to be applied, which is stated in the
following corollary:

Corollary 2. Any recursively enumerable string language can be generated by
a GP-system (B, By, P, A, [o],, 1, P, R,0) with the simplest membrane structure
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initial axioms: A
productions:
(p,o0), peP
evolution rules:

(p,p), pEP

Fig. 2. Simulation of molecular system by GP-system

[o]o and splicing or cutting/recombination rules such that I = AU {(po, 1)} and
R=A(p.a) [ p.acP}.

Whereas in the GP-systems constructed in Theorem 1 an unbounded (infi-
nite) number is assumed to be available, in the GP-systems constructed in Corol-
lary 2, only one production is present at any time, . For proving Corollary 2, we
only have to find suitable first productions pg : Inspecting the standard proofs as
elaborated in [13], [21] or [14], we know that we start with an axiom of the form
X BSY in splicing systems and of the form [2] X BS [y] in CR-systems, respecti-
vely. In the splicing case, we just can use the splicing rule X BS#Y $Z#Y as pog
together with the axiom ZY; the application of X BS#Y $Z#Y does not affect
the start axiom X BSY. In the case of CR-systems, we have to use a sequence of a
cutting rule pg and a suitable recombination rule p}, e.g., po = X BS# [2] $[2'] Y
and py = ([z],[#']) . The remaining details of the GP-systems then are rather
obvious when using the constructions given in [13] and [14] and therefore left to
the reader.

5 GP-systems Simulating Test Tube Systems

In this section we show how test tube systems based on molecular (DNA) pro-
ductions (i.e., splicing or cutting and recombination) can be simulated by GP-
systems of the corresponding type. Moreover, throughout this section we will
assume that all operators and objects are available in an unbounded number.

Theorem3. Any HTTS
o= (W*,EW+F,n,A,P,D,F’)

with n tubes and each filter between two tubes being a finite union of subsets of
the form AW+ B with A, B € W (special symbols only occuring at the ends of a
string) can be simulated by a GP-system with splicing rules.

Proof. The main ingredients of the corresponding GP-system
(W* ; EW+F: Pl: A/a [0[1]1"'[ﬂ]n[ﬂ+1]”+1]0: ]: P“: R: n—+ 1)

are depicted in Figure 3.
The initial axioms in compartment i, I;, are the axioms A; from A and some
additional axioms needed for the marking rules and demarking rules (which will



be listed later), the splicing rules p; ;,1 < j < m;, from P, the marking rules
pf u,pZ’B for (i, AW*B,k) € D, u,v, A, B € W, the demarking rules §:""*, 6%
u,v, A, B E W, and the transfer operators Tf:”ukv B for (i, AW*B,k)e D, A,B €
W, and 7% for(zEW*Ff)EDw1thf€Fuv€W

For each partlal filter (i, AW™* B, k) from tube i to tube k the marking rules
pkA Yoy B can mark suitable strings for being transferred from compartment i
to compartment k via the “communication channel” 0 :

= Ap#Z$ A u, HZ’B = v#BS$Z# By, ; axioms: A, Z, ZBy,.

After such transfer, the demarking rules in the destination compartment
remove the markers at the ends of the string again:

F4 = A#ZSArdtu, 87 = v#Br$Z#B; axioms: AZ, ZB.

The marking rules and the demarking rules only change the first and the
last character of a string; therefore, they cannot have an undesired effect in the
middle of the strings. The transfer operators 7 i‘nukv B (and 7 f) then control
the passage through membrane i (to the desired compartment k)

o P = (Tour, {Ar#tZS Ardbu, v BySZ# By} 0) |

T:u;/f = (Tout, {E#ZSEFu, v#FSZ#F}, 1) .

Observe that the application of the permitting (enforcing) rules as
Ar# 78 ArFtu, v#Br$SZ# B, would not change the underlying string.

The evolution rules in compartment i, 1 < ¢ < n, (there are no evolution
rules in compartment n + 1) are all using the operators in a catalytic way:

(Pij,pig), 1 <j<my;

(p? “,p?’“) , (pZ’B,pZ’B) , for (i, AW*B,k) € D, u,v, A, Be W;

(7, 0) (607,007 for w,v, A, B € W;
(TA,u,U,B TA,u,v,B) ’ lf (Z,AW*B,]C) c D’ U,'U,A,B I W’

out,k » Lout k
(T:u:f,routf) for (i, EW*F, f) € D with f € F, u,v € W.
The “communication channel” 0 contains the following transfer operators to
transfer the marked objects into the corresponding compartments:
TP = (Tin g, {Ax#ZS Axttu, v#BrSZ# By } 1) ;
Tllilvn-l-l (Tinnt1, {E#ZSEFu, v#FSZ#F},0) .

The evolution rules in compartment 0 are
( Auv,B A’u’U’B) , if (i, AW*B, k) € D for some ¢ with 1 < i < n, and

znk ' Tin k

(7'mvn+1,7'ﬁ1 n+1), if (i, EW*F,f) € D for some f € F and some i with
1<i<n,u,veW.

Accordlng to the given construction, the compartment 0 only acts as a com-
munication channel between the compartments i, which represent the correspon-
ding tubes i; the additional compartment n+1 only collects the terminal objects,
i.e., in this case no final intersection with By (= EW* F) is necessary any more.

It should also be pointed out that instead of the complex transfer operators
operators rAwvB oy compartment 0 we could simply use (7o, @, 0), because

out,k
the transfer operators TA’Z’U’B in compartment 0 were sufficient to control the
flow between the compartments. a

As it was proved in [11], any recursively enumerable language L can be
generated by an HTTS

o= (W* EWTF 2 (A1, As), (R1, Ra) , {(1, F1,2),(2, F2, 1)}, {2})

with only two tubes and the filters Fy, F5 being a finite union of subsets of the
form AW+ B with A, B € W. Following the construction given in the proof of
Theorem 3, we then obtain the following result:



Corollary 4. Any recursively enumerable language L can be generated by a GP-
system with splicing

(W, EW*F,P', A" [o[l:]o, I, P", R,0) .

The details of the proof of Corollary 4 are rather obvious and therefore omit-
ted. We just would like to mention that now compartment 0 not only works as a
communication channel, but represents one of the two tubes, which also collects
the terminal objects.

Similar results as Theorem 3 and Corollary 4 for splicing systems also hold
true for cutting/recombination systems. Again, the complete construction is rat-
her obvious and therefore left to the reader. For example, a left marking rule
u?’u now is the cutting rule [z] # [2] § [zk] #u.

6 Summary and Future Research

As already pointed out in [19], the idea of membrane structures offers a nearly
unlimited variety of variants. In this paper, we have considered generalized P-
systems ([8]) in connection with productions (splicing or cutting and recombina-
tion rules) and systems (e.g., test tube systems) motivated from DNA computing.
In the multiset case, GP-systems equipped with splicing or cutting and recom-
bination rules even need no specific membrane structure and only have to make
use of simple evolution rules for being able to generate any recursively enume-
rable string language. Without using the multiset counting feature, GP-systems
with splicing or cutting and recombination rules can simulate the corresponding
type of test tube systems even in the simplest non-trivial membrane structure.
The advantage of GP-systems in comparison with the corresponding test tube
systems is that no additional “mechanical” handling as with distributing the tu-
bes is necessary, instead, GP-systems manage the transfer of objects themselves.

In contrast to the original definition of P-systems we do not enforce paral-
lelism guarded by a universal clock, because this feature is not motivated bio-
logically and, moreover, its implementation at least “in vitro” seems to be very
difficult (“in silicio” this feature might be implemented in an easier way). On
the other hand, the strictly sequential formal definition does not prohibit (at
least “semi-”)parallel interpretations: In all variants considered in this paper,
we could allow an arbitrary number of steps to happen in parallel using all the
resources in the multiset manner. Even an enforced parallelism, i.e., all evaluati-
ons of evolution rules being possible with respect to multiset use of the current
resources have to be carried out in one such parallel step, would not change the
obtained results. Such an enforced parallelism in (G)P-systems, at least theoreti-
cally, becomes important if the complexity of the computations in these systems
is considered; for example, in [20] a special variant of P-systems is shown to be
able to solve the NP-complete problem SAT in linear time. Finding some inte-
resting special problems to be solved in the framework of GP-systems as well
as investigating the complexity of these computations in GP-systems might be
topics for future research.

The formal definition of molecular systems also allows to consider other ob-
jects than strings, e.g., graphs and the corresponding splicing or cutting and
recombination rules (see [7] and [12]). A thourough investigation of the gene-
rative power of such variants of GP-systems and their complexity for solving
special problems remains for future research.
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[tbph]

initial axioms: I[;

productions:

pij, 1 < g <m;

pt, pe B if (i, AW*B,k) € D, A,u,v,BEW
6 808 for Aju,v,BEW

transfer operators:

o P i (i, AW*B,k) € D, A,u,v,BEW

Outf, if (i, EW*F,f) €D for some f € F, u,v € W

evolution rules:

(Pij:pig), 1<5<my

(i ™) (uy B w0 %) if (i, AW*B,k) € D, Aju,v,BEW
(65, 64%), (808,60F) , for A,u,v,BEW
(
(7

Au,v,B A ,u,v,B

Tout,k 1 Tout,k )7if(i7AW*ka)€D7 Au,v,BeEW

U

Ty Tt ), if (i, EW*F, f) € D for some f € F, u,v € W

transfer operators:
WP if (i, AW*B, k) € D for some i with 1 <i < n,
Timmt1s if (4, EWF, f) € D for some f € F

and some ¢ with 1 <1< n, A,u,v,BeW

evolution rules:

(TA,'U.,'U,B Au,v,B

ST it P) i (i, AW* B k) € D for some i with 1 <1 < n,
(T 1 Tinter ) o if (3, EW?F, f) € D for some f € F
and some ¢ with 1 <1< n, A,u,v,BeW

Fig. 3. Simulation of DNA test tube system by GP-system.



