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1. Introduction

ABSTRACT

Cell-like P systems with symport/antiport rules are computing models inspired by the
conservation law, in the sense that they compute by changing the places of objects
with respect to the membranes, and not by changing the objects themselves. In this
work, a variant of these kinds of membrane systems, called cell-like P systems with
evolutional symport/antiport rules, where objects can evolve in the execution of such
rules, is introduced. Besides, inspired by the autopoiesis process (ability of a system to
maintain itself), membrane creation rules are considered as an efficient mechanism to
provide an exponential workspace in terms of membranes. The presumed efficiency of
these computing models (ability to solve computationally hard problems in polynomial
time and uniform way) is explored. Specifically, an efficient solution to the SAT problem
is provided by means of a family of recognizer cell-like P systems with evolutional
symport/antiport rules and membrane creation which make use of communication rules
involving a restricted number of objects.

Membrane Computing is a computational paradigm which arises as an abstraction of the compartmentalized structure of
living cells, and the way biochemical substances are processed in (or moved between) membrane-bounded regions [29].
The computing models in this paradigm are the so-called P systems or membrane systems. In this framework, three main
approaches have been widely studied: cell-like P systems, organized with a hierarchical (cell-like) arrangement of membranes
(a rooted tree), simulating the organization within a cell [29]; tissue-like P systems, inspired by the cell-interconnection
communication between cells in a living tissue [22,32]; and neural-like P systems, inspired from the way that neurons com-
municate with each other by means of short electrical impulses (spikes), emitted at precise moments of time [18,19].
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The basic ingredient of cell-like P systems is the membrane structure, which is a hierarchical arrangement of membranes
embedded in a unique main membrane, called the skin membrane [29,30,33]. Each membrane delimits a region (also called
compartment), where finite sets of symbols (corresponding to the chemicals), finite sets of evolution rules (describing the
possible interactions between chemicals) and other membranes can be placed. The outside region of the skin membrane is
called environment, where there are no rules placed in it. If a membrane does not contain other membranes, then it is called
elementary membrane; otherwise, it is called non-elementary membrane. In terms of types of rules, two main approaches have
been investigated. On the one hand, rewriting rules are used as a method to make the objects of a system to evolve and
move them through the compartments of itself. P systems with active membranes are a framework where these kinds of
rules have defined several frontiers of efficiency in the framework of Membrane Computing. On the other hand, symport/an-
tiport rules can be seen as an abstraction of the movement of chemical compounds between different compartments of a
system [6,7,27,28], let it be a single cell or a living tissue. In fact, as it happens in living systems, this communication is not
limited to the compartments of the system, but they can interact with the environment too.

Membrane division and membrane separation are inspired by the mitosis and the membrane fission processes, which
provide a mechanism to generate an exponential workspace in linear time. With the help of this mechanism, various P
systems have manifested an excellent performance with respect to address computationally hard problems, including NP-
complete problems [10,11,32,36,44], PSPACE-complete problems [2-4,45,46].

Membrane creation is another mechanism to produce new membranes, which was first considered in [23], inspired
from the fact that when a membrane compartment becomes too large, new membranes often appear inside it. Membrane
creation differs from membrane division and membrane separation, since no new membranes with new labels are created
by means of the execution of a division rule or a separation rule, they only duplicate membranes while maintaining their
labels. While using creation rules, we have to take care of how many labels will be used and where can they be used.
As expected, P systems with membrane creation can solve NP-complete problem (subset sum) [15], even PSPACE-complete
problem (QSAT) [16] in a polynomial time.

In [43], this last approach was extended to tissue P systems in such a way that, while classical symport/antiport rules
only transport objects between the different compartments [1,5,8,12], evolutional symport/antiport rules are capable of
modifying them while they travel to a different compartment. As a new methodology to tackle the P versus NP problem
[13,14,20,21], new frontiers between the non efficiency (only problems in class P can be efficiently solved) and the presumed
efficiency (ability to solve computationally hard problems in polynomial time and uniform way) have been reached by
means of these kinds of membrane systems. While using division rules, passing from rules of length at most (1,n) to
(2,n) (the length of an evolutional symport/antiport rule is an ordered pair whose first component is the total number of
objects involved in the left hand side of the rule, and the second component is the total number of objects involved in the
right hand side of the rule), for every natural number n > 1, amounts to passing from the non efficiency to the presumed
efficiency. If separation rules are used instead of division rules, the non efficiency of tissue P systems with evolutional
symport/antiport rules of length at most (1,n) or (n, 1), for every natural number n > 1, has been established in [25].

In this work, we apply evolutional symport/antiport rules in cell-like P systems, and using membrane creation rules
as a mechanism to construct an exponential workspace in terms of membranes in polynomial time. More precisely, an
efficient solution to the SAT problem is provided by means of a family of recognizer cell-like P systems with evolutional
symport/antiport rules and membrane creation which make use of communication rules involving the left-hand side (LHS)
of length at most 2 and the right-hand side (RHS) of length at most 2.

We emphasize the following facts that in [17], the SAT problem was solved by P systems with membrane creation using
rules of length at most (1,2), where object evolution rules, communication rules, creation rules and dissolution rules are
applied; however, in this work, the SAT problem can be efficiently solved by P systems with evolutional symport/antiport
rules and membrane creation using rules of length at most (2,2), where evolutional communication rules and creation
rules are used. Although to a certain extent, evolutional communication rules, evolution rules and communication rules can
mutual transform, “dissolution rules” are a very power tool to achieve the desired computational power as described in
[14,17], it is shown that dissolution rules provide a borderline between efficiency and non-efficiency for P systems with
membrane creation, that is, P systems with membrane creation without dissolution rules characterize standard class P [14].
In the present work, dissolution rules are not allowed for P systems with evolutional symport/antiport rules and membrane
creation, and we show that NP-complete problem can be efficiently solved by such kind of P systems. Moreover, in P
systems with membrane creation, all rules are noncooperative, that is, the length of left-hand side of rules is at most 1;
however, in P systems with evolutional symport/antiport rules and membrane creation, the length of left-hand side of rules
can be arbitrary. Hence there exist essential differences between P systems with membrane creation and P systems with
evolutional symport/antiport rules and membrane creation.

The paper is organized as follows. In the next section, some notations and the computing model of cell-like P system with
evolutional symport/antiport rules and membrane creation are presented. In section 3, the result about the computational
efficiency of cell-like P systems with evolutional symport/antiport rules and membrane creation is demonstrated. Finally,
some conclusions and open problems are presented.



2. Preliminaries and model description

Some basic notions used in this work from formal language theory are recalled, one is referred to [33,37] for further
information.

An alphabet is denoted by T, which is a non-empty set, and the elements in I" are called symbols. A string u over T is
a finite sequence of symbols from TI', and the length of the string u (denoted by |u|) from I is the number of occurrences
in u of symbols. For an alphabet I', a multiset over I" is a pair (I', f) where f: I' — N is a mapping, N is the set of
natural numbers. Let my, my be multisets over I'. The union of m; and my, denoted by my + my, is the multiset over I
defined as (my 4+ my)(x) = m1(x) + ma(x) for each x € I". The relative complement of m, in my, denoted by my \ my, is the
multiset defined as (my \ m2)(x) = my(x) — ma(x) if m{(x) > my(x), and (m; \ m2)(x) = 0 otherwise. We denote by @ the
empty multiset and by M (I") the set of all finite multisets over T

Next we give the definition of cell-like P systems with evolutional symport/antiport rules and membrane creation.

Definition 1. A cell-like P system with evolutional symport/antiport rules and membrane creation of degree q > 1 is a tuple

l_[:(FvgvH3M7M17"'7MQ7R9iOUt),

where

e I' is a finite alphabet of objects;
e £ is a finite alphabet of objects initially placed in the environment (note that each object initially placed in the envi-
ronment is available in an arbitrary number of copies), such that £ C T;
e H is a finite alphabet such that {0, 1,...,q} € H (the environment is identified by the label 0);
e [ is a membrane structure (a rooted tree) whose nodes are bijectively labelled with 1,...,q (the root of the tree is
labelled by 1);
e M;, 1<i<q, are finite multisets over I'\ &;
e R is a finite set of rules of the following forms:
- Evolutional symport rules:
- Among membranes:
* [ul 1; ]j —>[[uv]; 1 where i, je H,i# j,u,u’ € Mg (D), |u| > 0 (send-in rules);
x [[ul;l;—1 u'l ; 1, where i, je H, i # j, u,u’ € M¢(I'), |u| >0 (send-out rules);
- Between the root and the environment:
* [ul 1910 = [ [t 11 1g where u,u” € Mg(I), [u| > 0, and there exists at least one object a € u, such that
ae '\ & (send-in rules);
* [[uly;lo—[u[ 11 1o, where u,u’ € Mg(T), |u| > 0 (send-out rules);
- Evolutional antiport rules: [u[ v 1; 1;— [ v'[u"1; 1;, where i, je HU{0}, i # j, u,v,u’, v e Mg(D), |[u| >0, [v| > 0;
- Creationrules: [a—[u ]; ];, wherei,jeH,i#j,ael', ueMg(I);
e iy is the output region.

A configuration C; at an instant t of cell-like P system with evolutional symport/antiport rules and membrane creation
at any moment is described by the current membrane structure, together with all multisets of objects over I' associated
with the regions of this membrane structure and the multiset of objects over '\ £ associated with the environment at that
moment.

An evolutional send-in rule [ u[ 1; 1; = [ [ u' 1 1; is applicable to a configuration C; if there exists a region i from
C: whose parent membrane, labelled by j, contains multiset u. When applying such a rule, the multiset of objects u
in region j is consumed and the multiset of objects u’ is produced in region i from C;.1. An evolutional sent-out rule
[lul;lj—>1 u'l 1; is applicable to a configuration C; if there is a region i from C¢ which contains multiset u and the
parent of i is labelled by j. When applying such a rule, the multiset of objects u in region i from C; is consumed and the
multiset of objects u’ is generated in region j from Cgy1.

An evolutional antiport rule [ u[ v 1; 1; — [ v[u' 1; is applicable to a configuration C; if there exists a membrane
i from C; which contains multiset v, whose parent region is labelled by j and contains multiset u. When applying such a
rule, the multiset of objects v in membrane i and the multiset of objects u in region j are consumed; simultaneously, the
multiset of objects u’ is produced in membrane i from C;y1 and the multiset of objects v’ is produced in region j.

A creation rule [ a — [ u ]; ]; is applicable to a configuration C; if there exists a membrane j from C; which contains
object a. When applying such a rule, under the influence of object a, a new membrane with label i having inside the
multiset u, is created in such manner that it will be a daughter of the membrane with label j.

Following the definition in [25], in this work, we denote by CCEC(ky,ky) (kq,ky are natural numbers, and ki > 1,
ko > 1) the class of cell-like P systems with evolutional symport/antiport rules and membrane creation which makes use
of evolutional communication rules such that the total number of objects involved in the LHS is at most k; and the total
number of objects involved in the RHS is at most k;.

The rules of a cell-like P system with evolutional symport/antiport rules and membrane creation are used in the following
manner: at each step, a maximal multiset of rules is applied (no further rule can be added being applicable) with the



following restriction: when a creation rule is applied to a membrane j, this rule is the only one which is applied for that
membrane at that step, that is, the objects inside that membrane do not evolve by means of communication rules. The
objects in the new membranes resulting from creation could participate in the interaction with the objects in the (upper or
lower) neighbor of membranes by means of communication rules at the next step.

The transition of system IT is defined by transferring from a configuration to a next configuration. The computation of I1
over the initial configuration is a finite or infinite sequence of transitions. When system IT runs to a configuration where
no rule of the system is applicable in this configuration, the system is said to run to the halting configuration. Only a
computation reaching a halting configuration gives a result, which is encoded by the specific objects present in the output
region igy;.

In order to solve decision problems, a recognizer cell-like P system with evolutional symport/antiport rules and mem-
brane creation is given.

Definition 2. A recognizer cell-like P system with evolutional symport/antiport rules and membrane creation of degree g > 1
is a tuple

n=(ngE7H1M,M17--qu,R»iin,iout)a

where
o (&, H, 4, My, ..., Mg, R,iou) is a cell-like P system with evolutional symport/antiport rules and membrane creation
of degree m > 1, such that I" has two distinguished objects yes and no, My, ..., My are finite multisets over I' \ X;
e X is an input alphabet strictly contained in T;
e ijp €{1,...,q} is the input membrane, and i,y = O;
e all computations halt;
o for each computation of II, either object yes or object no (but not both) is released into the environment, at the last

step of the computation.

We denote by CCEC(kq, k) the class of all recognizer cell-like P system with evolutional symport/antiport rules and
membrane creation such that the total number of objects involved in the LHS of the evolutional communication rules is at
most k1 and the total number of objects involved in the RHS of the evolutional communication rule is at most k;.

Next, following [34,35], the concept of solving a decision problem in a uniform way and polynomial time by means of a
family of recognizer membrane systems, is defined.

Definition 3. A decision problem X = (Ix, ) is solvable in polynomial time and uniform way by a family Il = {I1(n) |n €
N} of membrane systems from CCEC(k1, k2) if the following conditions hold:

e the family IT is polynomially uniform by Turing machines, that is, there exists a deterministic Turing machine working
in polynomial time which constructs the system IT(n) from n € N;
e there exists a pair (cod, s) of polynomial-time computable functions over Ix such that:
- for each instance u € Iy, s(u) is a natural number and cod(u) is an input multiset of the system IT(s(u)); we denote
by TT(s(u)) + cod(u) the system obtained by adding cod(u) to the multiset in the region i, of IT(s(u));
for each n e N, s~1(n) is a finite set;
the family IT is polynomially bounded with regard to (X, cod, s), that is, there exists a polynomial function p, such
that for each u € Ix every computation of IT(s(u)) with input cod(u) is halting and it performs at most p(|u|) steps;
the family IT is sound with regard to (X, cod, s), that is, for each u € Iy, if there exists an accepting computation of
I(s(u)) with input cod(u), then 0x(u) =1;
the family IT is complete with regard to (X, cod, s), that is, for each u € Iy, if 6x(u) =1, then every computation of
I(s(u)) with input cod(u) is an accepting one.

We denote by PMCcceck, k,) the set of all decision problems which can be solved in a uniform way and polynomial
time by means of recognizer cell-like P system with evolutional symport/antiport rules and membrane creation, where the
evolutional communication rules of length at most (kq, k2).

3. An efficient solution to the SAT problem in CCEC(2, 2)

In this section the presumed efficiency of CCEC(2, 2) is established, by providing a polynomial-time uniform solution to
the SAT problem (one is referred to [24] for the detail of the SAT problem) by means of a family of membrane systems
II={II(t) | t € N} from CCEC(2, 2).

For each pair of natural numbers n, p € N, we consider the recognizer tissue P system from CCEC(2,2), T1({n, p)) =
(T E, %, H, u, My, ..., Mg, R, ijn, iout), defined as follows:



The working alphabet:

r = EU{Xi,j,tsXi,j,fs)_(i,j,ts)_(i,j,f [1<i<n1<j<pju .
{aic,aip 11 <i<n+1}U{cj¢. ¢} cip.¢j, Ej Ef [ T<j<plU
{aj,af |0<i<4n+2p+5}U{ar,b,Epyq,t, yes, no}.

The input alphabet: ¥ ={x; j,%;j|1<i<n,1<j<p}.

The environment alphabet: £ = {a] |0 <i <4n+2p +4}.

The set of labels: H={It,If |1 <l<n}U{0,1,2,n+1}.

The membrane structure: £ =[[ 1, 1;.

The initial multisets: M1 ={ay,b, ap}, M2 =0

ijn =1 is the input membrane.

iour = 0 is the output region.

The set R consists of the following rules:

- Rules to generate the 2" possible truth assignments:
n=lal I, lh1—->[0[la ]z 11,
rgj=lxl 1211 —>[[%x;1211,1<i<n,1<j<p,
r3iji=[Xl 1211 —=[[%;1211,1<i<n,1<j<p,
ra=[lar 1 11— [aar sl 12 11,
rsij=[0xj1y 11— [Xijexijfl 1217, 1<i<n,1<j<p,
r611=[[x11]2 ]]_)[Xl]l'xljf[ 1211, 1<i<n,1<j<p,
rr=[aye— [axeaz s 11 11,
rg=[ayf—[axea25 115 11,
roit =[ Giy1,t = [ Gi2eGiva f Lipnye lip 1 <i<n—1,1=t, f,
roil =l Gip1,f = [ Giv2eGiza f Vg lin 15i<n—11=¢, f,
riji=0xujel Tieli—=[0ciecir 111, 1572 p,
rizj =[xl 1ie 1= [[A11: 11,15 =D,
r3,,j =1 i jel ]1{]1_>[[x11txxjf]1[]1-2<l<” 1<j<p,
raij=[Xijel T1e 11 = 00X jeXijf 11 11, 2<i<n,1<j<p,
rsj=lxijfl Iy li—=> LAy 11, 157D,
rej=[X1jfl lipli—=>[lcjeciplifp 11, 15j<Dp,
r7ij =0 xijfl ]]f 1= [ xijeXij f ]1f ]1,2<i=zn,1<j<p,
rigij =1 X j f[ I 11 = [ XijeXij f I Iw2<i<n1<j<p,
r19,1,].,1—[Cj,t[ ](1+1)[]11—>[[C1,t51,f ](1+1)t lin1<i<n—-1,1<j<p,l=t,f,
ra0ij0=L¢jfl Tarnyg lu— Ll cuecip larnys lp 15i<n—1,1<j<p,l=¢,f,
r211]1_[xz+1]t[ ](1+1)t]ll—>[[cjtcjf](1+1)[]11-1<l<n_1 1<j<pl=t,f,
1221 =[ Xig1,jel ](H_])t]11—>[[)»](1+1)t],1,1<l<n—1 1<j<pl=t,f,
23,1, = [ Xip1,j, [ ](1+1)f]l_>[[)‘-](1+1)f lin1<i<n—-1,1<j<p,l=t,f,
ragiji =X fl lapng lu = LLcieCip Ty luy 15isn—1,1<j<p,l=t,f,
25, gkt = [ Xk j el ](1+1)t]l—>[[xkjtxk]f](1+1)t]1l-1<l<”_2 1<j<p,i+2=<k=nl=t,f,
126,70l = [ Xk jel Tivne Ji = UL X jeXu g f Ty lin 1<i<n—=2,1<j<p,i+2<k=<nl=t,f,
27,1kt = [ X j [ ](1+1)f Tio = [0 Xk jeXk . f ](1+1)f lip1<i<n-2,1<j<p,i+2=<k=<nl=t,f,
128kl = X jfL Tigny s L= U0 X jeXej g Japnys lin 15i<n—=2,1<j<p,i+2<k=<nl=t,f,
ro1=[anp1e = [ E1 1nge1 1w I=8, f.

- Rules to check if a given truth assignment makes true the input formula ¢:
30,0 = [ Cel Tnpr lu = L€, Tngr T 1< p. 1=t f,
r31,j,15[[C;-’t Inrt lu—= L6l Tpqa I 1<5j<p,l=t,f,
32,0 =[CGLUEj Tngr lw = LEGL Tnq lw 1= <p.I=t. f,
1330 =L EGl Jnp1r lw = L1 Ejsa Ippa I 17 <p. 0=t f.

- Rules to return the correct answer:
r3g1=[[ Ep+1 Ing1 Jw— [ tL Tngq T I8, S,
r3sinr =00y Taoo = Ll T 1o 2<i<nl=¢t f.I'=t f,
rsgg=[[t]yl1—=[tl Iy 11, 1=t f,
rs7=[[bt 1y lo—[vesl 11 los
rgi=loflaily o= [[@iy1 1110, 0<i<4n+2p+4,
rg=[[ b014n+2p+5 11 lo—=> [ nol 17 lo.

3.1. An overview of the computation

Let us consider the polynomial encoding (cod, s) of the SAT problem in the family IT defined as follows: for each Boolean

formula in CNF and simplified form with n variables and p clauses, ¢ =Cy Vv ---

Vv Cp, where C; =l{ A

- Alh 1<j<pand
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Fig. 1. The membrane structure of the system when the generation stage completes. Numbers at nodes indicate labels of membranes.

lﬁ € {xi,~x;},1<i<n,1<r <mj, we define s(¢) = (n, p) and cod(p) = {x; j | xi € Cj} U {X; j | =x; € Cj}. Then, the system
[1(s(¢)) with input multiset cod(¢) (denoted by IT(s(¢)) + cod(¢)) will process the formula ¢, and IT(s(p)) € CCEC(2, 2).
The system I1(s(¢))+cod(¢) has been designed following a brute-force algorithm and it consists on the following stages:

(a) Generation stage: by using creation rules all truth assignments associated with the set of variables {x1,...,x,} will be
generated and, simultaneously, the clauses satisfied for each truth assignment are checked.

(b) Checking stage: truth assignment satisfying all clause of ¢ are checked.

(c) Output stage: the system sends to the environment an object yes or an object no at the last step of the computation
depending on if the formula ¢ is or not satisfiable, according to the previous stage.

Next, an exhaustive description of each stage is given.

Generation stage

In this stage, by using membrane creation rules, a binary tree structure with 2" leaves is produced, all truth assignments
for the variables associated with @(x1,...,x;) will be generated (corresponding to the labels of membranes). During this
process, the clauses that are satisfied by the corresponding truth assignment are checked. In this way, after completing this
stage, there are some of the objects ¢1¢, €1 f,C2¢,C2 f,...,Cp,e, Cp,f IN @ membrane with label nt or nf, which correspond
to the clauses satisfied by the truth assignment. Besides, object «; in membrane 1 is evolved to count the number of steps.

In the initial configuration of the system, we have objects a1, b, o, cod(¢) in membrane 1, objects o] (0 <i < 4n+2p+4)
in the environment.

The processes of assigning truth-assignment of variable x; as well as looking for the clauses satisfied by the truth-
assignment of variable x; are described as follows. Note that from step 1 to step 4n + 2p + 5, the count object ¢; is evolved
in each step in membrane 1; that is, the subscript of «; is increased by one for each step.

At step 1, rule rq is used, object a; is sent into membrane 2; simultaneously, all the input objects cod(¢) are sent into
membrane 2 by using rules rp; j, 13 j. At step 2, rules r4, 75 j,76; j are enabled and applied, all objects aq,x; j,X; j in
membrane 2 are sent to membrane 1 and evolved to ay ¢ay f, X; j¢Xi j, £, Xi,j,tXi, j, f» respectively. With object aq ¢ (resp., aj )
appears in membrane 1, rule r7 (resp., rg) is applied, object aj; (resp., a; ) creates a membrane with label 1t (resp., 1f),
where objects a; ¢, ap  are placed.

From step 3, rules from rq;; to a9, are selected in a non-deterministic way as follows: as no communication rules can
be applied to a membrane that will generate a new membrane within it in the next configuration, then three sets of rules
can be applied to a single membrane in a given step: (a) rule rq ;;, that creates a new membrane labelled by (i+ 1)t and two
new objects ajy ¢, a2 f Within it by consuming one object a;,1 or rule rpg; to create a membrane labelled by n+1 with
an object E; to start the next stage; (b) rule rjg;, that creates a new membrane labelled by (i + 1) f and two new objects
Qi12.,Aiyp, ¢ Within it by consuming one object a1, f; and (c) rules riqj,712,5, 7155, 716,55 21,1, .0 T22,i, j,1> T23,i, j,I> T24,i, j.I»
devoted to check whether a given truth assignment makes a literal satisfy its clause, 13 j, 4,i,j» T17,i,j» T18,i,j» T25,i,j.k.l»
126,i j.k.» T27.i,j.k.I» T28.i,j.k,I» devoted to move literals from the parent membrane to a child membrane, r19; j 1, T20,i,j 1, devoted
to duplicate objects c; to send them to the inner membranes.

Hence, after 3n+ 3 the generation stage completes, a binary tree structure with 2" leaves is produced (see Fig. 1), where
each membrane with label n + 1 contains an object E{, each membrane with label nt or nf contains some objects from the
set {C1,¢,C1, £, €265 C2 fs v Cpits Cp, F 1

Checking stage.
When the generation stage completes, the system has 2" copies of membrane nt or nf, and each of these membranes
contains a membrane n+ 1 and some objects from the set {c1,¢,¢1,f,Cat,Co f, ..., Cp,t, Cp, £}, Which correspond to clauses



satisfied by the truth assignment of the variables (note that objects cj,c; s appear in pairs). If there exists at least one
membrane nt or nf that contains all the objects c1¢,c2, ..., Cp, then the formula ¢ is satisfied by the corresponding truth
assignment in that membrane; if there is no membrane nt or nf that contains all the objects c1¢,ca¢,...,Cp, then the
formula ¢ is not satisfied.

The checking stage takes 2p + 2 steps, which consists of a loop with p iterations, each iteration takes two steps, and two
addition steps.

By using rules r3g j,131,j,, all the objects cj¢ (1 < j < p) evolve to c;.

At the first step of the j-th loop (1 < j < p), rule r3; j, is enabled if and only if membrane nt or nf encodes a truth
assignment making clauses Cq, ..., C; true. We remark that for any membrane nt or nf, if it contains a truth assignment
that does not make the clause C; true, then the computation will halt in that membrane. By using rule r3; ;, object c; is
sent into membrane n + 1 and consumed; simultaneously, object E; is sent out of membrane n + 1 and evolved to E;.

At the second step of the j-th loop (1 < j < p), if a membrane nt or nf contains object E;. then rule r33 j, is enabled

and applied, object E/j is sent into membrane n+ 1 and evolves to Ej .

Output stage.

If the formula ¢ is satisfiable, then there exists at least one membrane n + 1 that contains object E, ¢ after 3n+42p + 3
steps. In this case, at step 3n + 2p + 4, by using rule r34, object E,,q is sent out of membrane n+ 1 and evolved to t.
At the next n steps, by applying rules r3s ;y, 136, object t will be sent to membrane 1. At step 4n + 2p + 5, rule r37 is
enabled and used, objects b, t are sent to the environment and evolved to yes. Note that rule r3g; is used from step 1 to
step 4n + 2p + 5. Hence the computation of the system halts, the answer of the system being affirmative.

If the formula ¢ is not satisfiable, then there is no membrane n + 1 that contains object E,.1 after 3n 4 2p + 3 steps.
In this case, from step 3n + 2p + 4 to step 4n+ 2p + 5, only rule r3g; is enabled and applied, so that object ogn42p+5 Will
appear in membrane 1. At step 4n+-2p + 6, rule r3g is applied, objects a4n12p45, b are sent to the environment and evolved
to no. The computation of the system halts, the answer of the system being negative.

3.2. Formal verification of the solution

Next, we prove that the family IT of recognizer cell-like P systems from CCEC(2, 2), designed in the previous subsection,
provides a polynomial time and uniform solution to the SAT problem, according with Definition 3.

Theorem 3.1. SAT € PMCccec(2.2)-

Proof. The family of P systems previously constructed verifies the following:

e Every system of the family IT is a recognizer P systems from CCEC(2, 2).

e The family IT is polynomially uniform by Turing machines because for each n, p € N, the rules of I1({n, p)) of the
family are recursively defined from n, p € N, and the amount of resources needed to build an element of the family is
of a polynomial order in n and p, as shown below:

- Size of the working alphabet: 6np + 10n + 10p + 20 € ®(np).

Initial number of membranes: 2 € ©(1).

Initial number of objects: 3 € ©(1).

— Number of rules: 8n%p +4np + 12n —2p + 9 € O(n?p).
- Maximal number of objects involved in any rule: 4 € ®(1).

e The pair (cod, s) of polynomial-time computable functions defined fulfill the following: for each instance ¢ of the SAT
problem, s(¢) is a natural number, cod(p) is an input multiset of the system I1(s(¢)), and for each n e N, s™'(n) is a
finite set.

e The family IT is polynomially bounded: indeed, according to subsection 3.1, for each instance ¢ of the SAT problem, the
computation of TI(s(¢)) + cod(¢p) always halts and sends to the environment object yes (it takes at most 4n+ 2p + 5
steps) or object no (at step 4n+ 2p + 6), being n the number of variables of ¢ and p the number of clauses.

e The family IT is sound with regard to (X, cod,s): indeed, for each instance ¢ of the SAT problem, if the computation
of TI(s(¢)) + cod(gp) is an accepting computation, then ¢ is satisfiable.

e The family IT is complete with regard to (X, cod, s): indeed, for each instance ¢ of the SAT problem such that it is
satisfiable, the computation of T1(s(¢)) + cod(¢) is an accepting computation. [

Corollary 3.1. NP U co — NP € PMCccec(2,2)-

Proof. It suffices to make the following observations: the SAT problem is NP-complete, SAT € PMC¢cec(2,2) and the class
PMCccec(2,2) is closed under polynomial time reduction, and is under complementary. O



4. Conclusions and further works

In this work, a variant of cell-like P systems with evolutional communication rules, called cell-like P systems with evolu-
tional communication rules and membrane creation has been proposed, and the computational efficiency of such P systems
has been studied. In section 3, the presumed efficiency of CCEC(2, 2) has been established by providing a polynomial time
and uniform solution to the SAT problem by means of a family of recognizer membrane systems CCEC(2, 2); that is by us-
ing recognizer cell-like P systems with evolutional communication rules and membrane creation such that the total number
of objects involved in the LHS of the evolutional communication rules is at most 2 and the total number of objects involved
in the RHS of the evolutional communication rule is at most 2.

The SAT problem has been solved by cell-like P systems from CCEC(2,2) in Section 3. It seems interesting to study the
computational power of cell-like P systems from CCEC(2,1), CCEC(1,2) or CCEC(1,1).

In [24,41], a new strategy of using rules, called flat maximal parallelism was proposed, where in each membrane, a
maximal set of applicable rules is chosen and each rule in the set is applied exactly once in each step. It would be interesting
to investigate the presumed efficiency of cell-like P systems with evolutional communication rules and membrane creation
by using rules in a flat maximally parallel way.

Time-free solutions to NP-complete problems have been studied widely [26,38-40,42], where the correctness of the
solution is irrelevant to the times associated with the involved rules. It deserves to investigate the computational efficiency
of cell-like P systems with evolutional communication rules and membrane creation by using rules in a time-free way.

The computational power of P systems with symport/antiport rules with respect to the number of objects and the num-
ber of membranes was investigated in [9,31]. An interesting open problem for P systems with evolutional symport/antiport
rules is to find the minimal number of objects as well as the minimal number of membranes such that all recursively
enumerable sets of natural numbers can be generated. Another interesting problem is to find characterizations of the sets
of natural numbers for such kind of P systems that do not contain all recursively enumerable sets of natural numbers.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

References

[1] A. Alhazov, R. Freund, P systems with one membrane and symport/antiport rules of five symbols are computationally complete, in: Proceedings of
Third Brainstorming Week on Membrane Computing, Sevilla, Spain, 2005, pp. 19-28.
[2] A. Alhazov, C. Martin-Vide, L. Pan, Solving a PSPACE-complete problem by recognizing P systems with restricted active membranes, Fundam. Inform.
58 (2) (2003) 66-77.
[3] A. Alhazov, L. Pan, Gh. Paun, Trading polarizations for labels in P systems with active membranes, Acta Inform. 41 (2) (2004) 111-144.
[4] A. Alhazov, M. Pérez-Jiménez, Uniform solution of QSAT using polarizationless active membranes, Lect. Notes Comput. Sci. 4664 (2007) 122-133.
[5] A. Alhazov, Y. Rogozhin, Towards a characterization of P systems with minimal symport/antiport and two membranes, Lect. Notes Comput. Sci. 4361
(2006) 135-153.
[6] F. Bernardini, V. Manca, P systems with boundary rules, Lect. Notes Comput. Sci. 2597 (2003) 107-118.
[7] M. Cavaliere, Evolution-communication P systems, Lect. Notes Comput. Sci. 2597 (2003) 134-145.
[8] G. Ciobanu, L. Pan, Gh. Paun, M.]. Pérez-Jiménez, P systems with minimal parallelism, Theor. Comput. Sci. 378 (1) (2007) 117-130.
[9] E. Csuhaj-Varji, M. Margenstern, G. Vaszil, S. Verlan, On small universal antiport P systems, Theor. Comput. Sci. 372 (2-3) (2007) 152-164.
[10] D. Diaz-Pernil, M.A. Gutiérrez-Naranjo, M.J. Pérez-Jiménez, A. Riscos-Ntiiez, A uniform family of tissue P system with cell division solving 3-COL in a
linear time, Theor. Comput. Sci. 404 (1-2) (2008) 76-87.
[11] D. Diaz-Pernil, M.J. Pérez-Jiménez, A. Riscos-Ntfiez, A. Romero-Jiménez, Computational efficiency of cellular division in tissue-like membrane systems,
Rom. J. Inf. Sci. Technol. 11 (3) (2008) 229-241.
[12] P. Frisco, H.J. Hoogeboom, P systems with symport/antiport simulating counter automata, Acta Inform. 41 (2) (2004) 145-170.
[13] M.R. Garey, D.J. Johnson, Computers and Intractability: A Guide to the Theory of NP-Completeness, W.H. Freeman, San Francisco, 1979.
[14] M.A. Gutiérrez-Naranjo, MJ. Pérez-Jiménez, A. Riscos-Nufiez, FJ. Romero-Campero, Characterizing tractability with membrane creation, in: Proceedings
of the Seventh International Symposium on Symbolic and Numeric Algorithms for Scientific Computing, SYNASC'05, 2005.
[15] M.A. Gutiérrez-Naranjo, M.J. Pérez-Jiménez, FJ. Romero-Campero, A linear solution of subset sum problem by using membrane creation, Lect. Notes
Comput. Sci. 3561 (2005) 258-267.
[16] M.A. Gutiérrez-Naranjo, M.J. Pérez-Jiménez, F.J. Romero-Campero, A linear time solution for QSAT with membrane creation, Lect. Notes Comput. Sci.
3850 (2006) 241-252.
[17] M.A. Gutiérrez-Naranjo, M.]. Pérez-Jiménez, FJ. Romero-Campero, A uniform solution to SAT using membrane creation, Theor. Comput. Sci. 371 (1-2)
(2007) 54-61.
[18] M. Ionescu, Gh. Paun, T. Yokomori, Spiking neural P systems, Fundam. Inform. 71 (2-3) (2006) 279-308.
[19] T.-O. Ishdorj, A. Leporati, L. Pan, X. Zeng, X. Zhang, Deterministic solutions to QSAT and Q3SAT by spiking neural P systems with pre-computed
resources, Theor. Comput. Sci. 411 (25) (2010) 2345-2358.
[20] L.E. Macias-Ramos, M.J. Pérez-Jiménez, A. Riscos-Nuiiez, L. Valencia-Cabrera, Membrane fission versus cell division: when membrane proliferation is
not enough, Theor. Comput. Sci. 608 (2015) 57-65.
[21] LE. Macias-Ramos, B. Song, L. Valencia-Cabrera, L. Pan, M.J. Pérez-Jiménez, Membrane fission: a computational complexity perspective, Complexity
21 (6) (2016) 321-334.
[22] C. Martin-Vide, ]. Pazos, Gh. Paun, A. Rodriguez-Patén, Tissue P systems, Theor. Comput. Sci. 296 (2) (2003) 295-326.
[23] M. Mutyam, K. Krithivasan, P systems with membrane creation: universality and efficiency, Lect. Notes Comput. Sci. 2055 (2001) 276-287.
[24] L. Pan, Gh. Paun, B. Song, Flat maximal parallelism in P systems with promoters, Theor. Comput. Sci. 623 (2016) 83-91.


http://refhub.elsevier.com/S0890-5401(20)30030-4/bibBD79E7C845C4F98BB4EBA590604967C5s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bibBD79E7C845C4F98BB4EBA590604967C5s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib9D81FC7CDE4A03C651EC9D0E3DF91DAFs1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib9D81FC7CDE4A03C651EC9D0E3DF91DAFs1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib15BA9788FA2AEA07F11BA6670BD9CB2As1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib545675349B99F92A0EB56B239884FB1As1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib6FB6B4A15B9A3DEC044E7BC2FDCF48E2s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib6FB6B4A15B9A3DEC044E7BC2FDCF48E2s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib94B4D4EDAD567702CD2F734F33B45ED2s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bibCDBCAA376F5301E2641B4C1743FD4B82s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bibB09A78E9D102304F6E814A9803AE5A6Es1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bibC4BBF47493A3E444ADC94B6D87AF54B9s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib6AE27E3DC4DF7FB567BCC750AEF9E23Bs1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib6AE27E3DC4DF7FB567BCC750AEF9E23Bs1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bibF316E214EF7BB763702880E29FA5F179s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bibF316E214EF7BB763702880E29FA5F179s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib2115CCD941F848263B44D0DB9EAF9967s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bibE72479CB88B52DE377742FF12B648949s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib3A76682684B220ABC18A66AE1612D6A7s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib3A76682684B220ABC18A66AE1612D6A7s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib94B121A7B362EC751B8E40C44D698CFAs1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib94B121A7B362EC751B8E40C44D698CFAs1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib430B61FB3AD3ABDA9FA71B21E3B1BD0Bs1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib430B61FB3AD3ABDA9FA71B21E3B1BD0Bs1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib38AE3A753169B980FAA375943368490As1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib38AE3A753169B980FAA375943368490As1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib18C70FEC09DAA8CBBD04D2F74C601ADFs1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bibA8353615C9DCFCF0B2274D8131A9E799s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bibA8353615C9DCFCF0B2274D8131A9E799s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bibBB83240B6E5A6D73785FEBE64E6EEC2Fs1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bibBB83240B6E5A6D73785FEBE64E6EEC2Fs1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib9F68272A0EAB2A140F7F6CE6171C320Fs1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib9F68272A0EAB2A140F7F6CE6171C320Fs1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib925D7518FC597AF0E43F5606F9A51512s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib9A30E01B228F13B251EA2419F9BB55A2s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib96AC0342A3CCF9553E3D4C9DA9B821B0s1

[25] L. Pan, B. Song, L. Valencia-Cabrera, M,J. Pérez-Jiménez, The computational complexity of tissue P systems with evolutional symport/antiport rules,
Complexity (2018) 3745210.

[26] L. Pan, X. Zeng, X. Zhang, Time-free spiking neural P systems, Neural Comput. 23 (2011) 1320-1342.

[27] A. Paun, Gh. Paun, The power of communication: P systems with symport/antiport, New Gener. Comput. 20 (3) (2002) 295-305.

[28] A. Paun, Gh. Paun, G. Rozenberg, Computing by communication in networks of membranes, Int. ]. Found. Comput. 13 (6) (2002) 779-798.

[29] Gh. Paun, Computing with membranes, J. Comput. Syst. Sci. 61 (1) (2000) 108-143.

[30] Gh. Paun, Membrane Computing: An Introduction, Springer-Verlag, Berlin, 2002.

[31] Gh. Paun, J. Pazos, M. Pérez-Jiménez, A. Rodriguez-Paton, Symport/antiport P systems with three objects are universal, Fundam. Inform. 64 (1-4)
(2005) 353-367.

[32] Gh. Paun, M.J. Pérez-Jiménez, A. Riscos-Nufiez, Tissue P systems with cell division, Int. J. Comput. Commun. 3 (3) (2008) 295-303.

[33] Gh. Paun, G. Rozenberg, A. Salomaa (Eds.), The Oxford Handbook of Membrane Computing, Oxford University Press, New York, 2010.

[34] M.J. Pérez-Jiménez, A. Romero-Jiménez, F. Sancho-Caparrini, Complexity classes in models of cellular computing with membranes, Nat. Comput. 2 (3)
(2003) 265-285.

[35] M.J. Pérez-Jiménez, An approach to computational complexity in membrane computing, Lect. Notes Comput. Sci. 3365 (2005) 85-109.

[36] M.J. Pérez-Jiménez, P. Sosik, An optimal frontier of the efficiency of tissue P systems with cell separation, Fundam. Inform. 138 (1-2) (2015) 45-60.

[37] G. Rozenberg, A. Salomaa (Eds.), Handbook of Formal Languages, 3 vols., Springer, Berlin, 1997.

[38] B. Song, Y. Kong, Solution to PSPACE-complete problem using P systems with active membranes with time-freeness, Math. Probl. Eng. (2019) 5793234.

[39] T. Song, L.F. Macias-Ramos, L. Pan, M.]. Pérez-Jiménez, Time-free solution to SAT problem using P systems with active membranes, Theor. Comput. Sci.
529 (2014) 61-68.

[40] B. Song, M.J. Pérez-Jiménez, L. Pan, An efficient time-free solution to QSAT problem using P systems with proteins on membranes, Inf. Comput. 256
(2017) 287-299.

[41] B. Song, MJ. Pérez-Jiménez, Gh. Paun, L. Pan, Tissue P systems with channel states working in the flat maximally parallel way, IEEE Trans. Nanobiosci.
15 (7) (2016) 645-656.

[42] B. Song, T. Song, L. Pan, A time-free uniform solution to subset sum problem by tissue P systems with cell division, Math. Struct. Comput. Sci. 27 (1)
(2017) 17-32.

[43] B. Song, C. Zhang, L. Pan, Tissue-like P systems with evolutional symport/antiport rules, Inf. Sci. 378 (2017) 177-193.

[44] P. Sosik, P systems attacking hard problems beyond NP: a survey, J. Membr. Comput. 1 (3) (2019) 198-208.

[45] P. Sosik, A. Paun, A. Rodriguez-Patén, P systems with proteins on membranes characterize PSPACE, Theor. Comput. Sci. 488 (2013) 78-95.

[46] P. Sosik, A. Rodriguez-Patén, Membrane computing and complexity theory: a characterization of PSPACE, ]J. Comput. Syst. Sci. 73 (1) (2007) 137-152.


http://refhub.elsevier.com/S0890-5401(20)30030-4/bib8F214EA1256330FC6A362AB475FA1EE3s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib8F214EA1256330FC6A362AB475FA1EE3s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib596FC36FABDF042694CABCDAAB82E7C0s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bibF785D8C9A47BA6BCC2D787056DE66E87s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib4747BEC95447047074043F7B16BBBE84s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bibFB7015D29832324D57E6D020374A5C2Es1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib0EE3007684A75FC05B27E1C5FBBFCED5s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib78368E48B97A98A66FE34ADABD43D554s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib78368E48B97A98A66FE34ADABD43D554s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib0A65F8A8BC1CCB4DA1C3BD190E9AC74Bs1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib613D572E7D2BE6B74D1092A6D1620F62s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bibDAF4F5B9A3E2598F88F0A12AA3EC1BDCs1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bibDAF4F5B9A3E2598F88F0A12AA3EC1BDCs1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib5AD4CB52AACCFD63C88852028B27CD2Ds1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bibAB2323A1389770B8F87E6E776A450CB6s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib2DFEDA104813ABCD571D03B56D8ACF31s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib16654BDA1F7DB23B3AD14B9A11DC2E14s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bibF3476835C686F1304F24B21D36142CE4s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bibF3476835C686F1304F24B21D36142CE4s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib683EB609607A439B0561DCBB4C8329E8s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib683EB609607A439B0561DCBB4C8329E8s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib4ECAB3DD277D392DBDC507373B03B1E9s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib4ECAB3DD277D392DBDC507373B03B1E9s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib44D6691A980D3AD1CFED77208849AA0Ds1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib44D6691A980D3AD1CFED77208849AA0Ds1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bibB729ADE6E69AEDE6C45C3BAF42E425F0s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib7A805B092CC24E7C814BFB4A31E37DA2s1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib6E12317088147FFC55CBBFD0BFF90C1Es1
http://refhub.elsevier.com/S0890-5401(20)30030-4/bib58735EF9A80A1D574092E4408AFD65E6s1

	Cell-like P systems with evolutional symport/antiport rules and membrane creation
	1 Introduction
	2 Preliminaries and model description
	3 An efficient solution to the SAT problem in CCEC(2,2)
	3.1 An overview of the computation
	3.2 Formal verification of the solution

	4 Conclusions and further works
	References


