Abstract Tissue-like P systems can be viewed as
distributed and parallel bio-inspired computing de-
vices, where the objects in each region can commu-
nicate using corresponding channels, and infinitely
many objects in the environment can provide sub-
stances for cells. In this work, inspired by the bio-
logical phenomenon of polarization on cells of ac-
tual tissues, we propose a new variant of tissue-
like P systems, namely, tissue-like P systems with
polarizations (7 PP systems), in which the execu-
tion of rules may be influenced by polarizations on
cells, and such systems run under flat maximal par-
allelism. In addition, cell division rules with po-
larizations are introduced into this variant, and we
conclude that the computational power of a 7 PP
system is equivalent to that of a Turing machine in
terms of generating numbers, where the maximum
lengths of symport rules and antiport rules are 2
and 4, respectively, or the maximum length of sym-
port rules is 4 (if only this type of rule is used). In
both cases, only one cell and three types of polar-
izations are employed. Moreover, due to cell divi-
sion rules, 7 PP systems can solve the SAT prob-
lem (a classical NP-complete problem) in polyno-
mial time, where the maximum rule length is 4.
These results show that the variant can be employed
as a distributed parallel computing paradigm. Hence,
it is theoretically feasible to apply this variant in

some specific applications that require precise rule

control.
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1 Introduction

Natural computing refers to a computational paradigm

inspired by biological mechanisms in nature. To
date, various essential algorithms of natural com-
puting have been inspired by group behavior, such
as particle swarm optimization, the artificial bee
colony algorithm and the ant colony algorithm. In
addition, well-known branches of natural comput-
ing include DNA computing [!], membrane com-
puting [2], evolutionary computing [3] and neural
networks [4]. As a new branch of natural com-
puting, membrane computing was initiated in 1998
and is inspired by biological living cells. Mem-
brane computing has been well developed, and it
has formed a multidisciplinary research hotspot in-
volving computer science, mathematics and biol-
ogy. Theoretically, many variant of P systems are
Turing universal [5—14]; namely, their computa-
tional power is equivalent to that of a Turing ma-
chine. Moreover, many variants of P systems can
solve some NP-complete problems in polynomial

time [15—19]. Many scholars have investigated the




application of membrane computing in diverse fields
to address various real-world problems, e.g., opti-

mization algorithms [20, 21], mobile robots [22],

machine learning [23], biology [24, 25] and fault
diagnosis [26,27]. For additional details, some re-
view papers including books (e.g., [28] and [29])

and the website http://ppage.psystems.eu/ can be
viewed to obtain the latest information.

At present, membrane computing focuses pri-
marily on the following categories: cell-like P sys-
tems [2] (inspired by living cells, and the struc-
ture can be abstracted as a rooted tree, where the
root of the tree is the skin membrane), tissue-like
P systems [30] (inspired by living cells, and the
structure can be abstracted as a graph, where the
nodes of the graph represent cells) and neural-like
P systems [3 1] (inspired by neurons, and the struc-
ture can be abstracted as a graph, where the nodes
of the graph represent neurons). This work pri-
marily considers tissue-like P systems, which are
motivated by cooperation between cells in biolog-
ical organisms. In such systems, cells are viewed
as vertices, and channels between different regions
are viewed as edges, where objects can communi-
cate between regions (including cells and the en-
vironment). Usually, such a paradigm comprises
three elements: the cell structure, objects and rules,
where the rules consist of antiport rules and sym-
port rules. When antiport rules are used, objects
in different regions can exchange their locations;
for symport rules, in contrast, objects located in
a region can directly change their own locations.
During the execution of the above rules, objects lo-
cated in the environment can be provided for cells
with an arbitrary number. However, the structure
of such a system is not changed. To solve compu-
] and cell
] are introduced to obtain an expo-

tationally hard problems, cell division [

separation [

nential workspace. Specifically, some NP-complete
problems can be solved efficiently, e.g., the 3-coloring
problem [ 1 6], the travelling salesman problem [34],
and the SAT problem [7].

In recent years, based on tissue-like P systems,
many new variants have been proposed [5, 7, 35,

], which are inspired by biological phenomena or
developed from the perspective of other areas (e.g.,
mathematics and computers). In [37], a novel vari-
ant of P systems with active membranes was pro-
posed, where each membrane has a polarization.
The application of rules in this variant is associ-
ated with the polarization on a corresponding mem-
brane. In addition, inspired by the phenomenon
that biological neurons also have polarizations, schol-
ars have proposed a novel paradigm, namely, spik-
ing neural P systems with polarizations [ 12], in which
the concept of “polarizations” is introduced into
spiking neural P systems, and rules are controlled
by the polarizations of neurons. In these proposed
variants, there are three categories of polarizations:
positive (denoted by “+”"), negative (denoted by “—"),
and neutral (denoted by “0). Since polarizations
exist in cells and tissues consist of cells, it is natu-
ral to introduce polarizations into tissue-like P sys-
tems.

In [38], tissue P systems with cell polarity was
presented; in such a variant, the term “polarity”,
however, does not mean the presence of polariza-
tions on cells. In [39], a variant of tissue-like P
systems was proposed, where each symbol and cell
has a polarization, working on vesicles of multi-
sets with the operations of insertion, deletion, and
substitution of single objects. In this work, from
the biological perspective, polarizations may exist
in actual biological tissues, such as epithelial cells;
hence, we introduce polarizations into the original

tissue-like P systems, thereby constructing a novel



variant, namely, tissue-like P systems with polar-
izations.

The main contributions of this paper are as fol-
lows:

(1) Inspired by the phenomenon of cell polariza-
tion in biological tissues, we introduce the notion
of polarization into tissue-like P systems, thereby
constructing tissue-like P systems with polariza-
tions, where polarizations have a crucial influence
on the execution of rules; moreover, flat maximal
parallelism is introduced as the strategy for apply-
ing rules;

(ii) Currently, the computational power of a tissue-
like P system with a rule length of at most 2 is re-
stricted; however, we deploy 7 PP systems to ob-
tain the same computational power as a Turing ma-
chine, where antiport rules involve at most two ob-
jects and symport rules involve at most one object;
besides, the Turing university of 7 PP systems is
also obtained by employing symport rules involv-
ing at most two objects;

(ii1) 7 PP systems cannot solve NP-complete prob-

lems (assuming P # NP) in polynomial time with-
out using cell division. Hence, we introduce cell
division rules with polarizations to solve the clas-
sical SAT problem, passing from non-efficiency to
efficiency, by combining antiport rules and symport
rules, where the total number of objects participat-
ing in the rules is 2;

(iv) The strategy of applying rules with polar-
izations is introduced into tissue-like P systems,

which provides a more flexible and accurate ap-

proach for using rules in tissue-like P systems. Hence,

in some sense, 7 PP systems can be more suitable
for some applications.

The remainder of this paper is organized as fol-
lows. Section 2 reviews some basic knowledge in-

volved in this study. Subsequently, in Section 3, a

variant of tissue-like P systems (7 P% systems) is
proposed, and its computational universality is ex-
plored by simulating register machines in Section
4. In Section 5, we explore its computational effi-
ciency by solving the SAT problem. In Section 6,
we briefly analyze the computational complexity of
these systems. Finally, we present our conclusions

and discuss future research directions.

2 Foundations

2.1 Formal language theory

An alphabet I is a finite non-empty set of symbols.
A symbol sequence from a set I is called a string,
and the length of any string is finite. It must be
emphasized that if there are multiple copies of a
symbol in a rule (rules are applied to evolve and
communicate objects located in a P system), and
the length of the symbol should include the number
of all the copies. A string that does not contain
a symbol is denoted by A. Obviously, the length
of such a string is 0. I'* represents all non-empty
strings from I'; that is, [ = '™ — {1}, where, ™",
represents the set of all strings over I'. Hence, I'*
can be viewed as a set of symbols composed by a
string (do not include empty string). For arbitrary
two strings « and S, the symbols in the strings are
combined to form their concatenation, which can
be denoted by af. If there is only one symbol in an
alphabet I', for instance, I' = {a}, then {a}* (resp.,
{a}*) is abbreviated as a* (resp., a*).

Given an alphabet I', a multiset from the alpha-
bet can be denoted as (I, f), where, f : ' - N
is a mapping from I' to natural numbers. If I' =
{a,...,

object a;, that is, the number of a; is f(a;). We rep-

a,},1 <i < n, f(a;) is the multiplicity of

resent all objects in the alphabet {ay, ..

flar) f(a2)
1 9

., a,} with

the multiset a .a“ . Two multisets can



be connected as the union operation; for example,
the union of multisets m; = (I, fi) and m, = (T, f5)
is denoted by m; + my, = (I',g), where g(x) =
Ji(x) + fo(x) (x € I'). The relative complement m,
in m; can be denoted by m;\m, = (I',g), g(x) =
fi(x) — f2(x) can be obtained, where fi(x) > f>(x)
(otherwise, g(x) = 0).

2.2 Register machines

To prove Turing universal, in this research, we use
register machines to characterize the computational

power of P systems.

Definition 1. M = (m, H, 1y, l;,I) denotes a reg-
ister machine with m registers, where, H is a set
of instruction labels, ly, [, € H are initial and halt-
ing instruction labels respectively, I is the follow-
ing three type of instructions:

o i : (ADD(r),l;,1i) (This instruction adds 1
to register r, and then the instruction labelled
[; or I; is performed non-deterministically [

o [; : (SUB(r),l},1;) (There are two cases for
this instruction. If register r is non-zero, the
register is subtracted by 1, and then the in-
struction labelled /; is executed; otherwise,
the instruction labelled /; can be performed);

o [, : HALT (This instruction is applied to
stop the entire computing process).

In this work, we will prove that 7P systems
can generate all computable sets of numbers by
simulating register machines. Specifically, initially,
a system M executes the instruction with label [,
firstly. At this moment, all registers must be empty
(for example, store the number 0). Subsequently,
the system will continue to apply instructions un-
til the last instruction [, is applied, and the system
reaches completion status. The system executes the

instructions one by one, a number will appear in

the register r, and we can say that the register ma-
chine M has generated the number. In this way, if
a register machine M can generate all set of Turing
computable numbers, NRE can be characterized by
M, where NRE denotes the family of recursively
enumerable sets computed by Turing machines.

3 Tissue-like P systems with polariza-
tions

In this section, we introduce the notion of polariza-
tion into tissue-like P systems; thus, a new type of
variant is constructed, where rules are applied with
the strategy of flat maximal parallelism. We as-
sume that the reader is already familiar with some
basic knowledge of membrane computing, such as

formal language and automata theory.

3.1 Model description

There are a series of cells (all of them at the same
level) in 7PP system, and outside of cells is called
the environment. Each cell including the environ-
ment can define a region.

Definition 2. A 7 PP system (degree m > 1,

1 <i < m) is defined as follows:

H = (0, E, Wi, p[, R9 iout),

where

e O is an alphabet of objects;

e FE represents a set of objects that are located
in the environment with an arbitrary multi-
plicity (E € O);

e w; C O(1 <i < m), denote the multiset of
objects initially located in the cell with label
I

e p; € {+,—,0}, indicate the polarization ini-
tially located on the cell with label i;

,m});

e i,, is the output region (i,, € {0, 1,...



e R represents the set of rules in such system,
communication rules and division rules re-
spectively, where, communication rules in-

clude symport rules and antiport rules. In

what follows, we denote by [u];' a cell with
label i that has polarization e; (e; € {+, —, 0}).
Additionally, the length of a symport or an-
tiport rule is the total number of objects in
the rule.

(1) Symport rules:

between two cells:  [u]'[ ]72 — []f’1 [u]jlz,
between cells and the environment:  u[ |;' —

¢’ e
[u],', or [u]" — ul ],",

where, i, j € {1,...,m}, e, e3,€],€, € {+,—,0},i #

J,u € O*. The length of a symport rule is
2|u|.

At a given moment, if a multiset u exists in-
side cell i and this cell (resp., cell j) has po-
larization e; (resp., e;), a rule [u]f‘[ ];2 -
[ ]f,l [u];’2 is activated. By applying the rule,
the multiset in cell i appears in cell j, and the
polarization on cell i (resp., cell j) changes to
e (resp., cell ¢5). Similarly, a rule u[ ];' —
[u]fi, or [uli' — ul ]f,l can be applied be-
tween a cell and the environment. In this
case, due to the polarization on the cell, this
multiset enters the cell from the environment
or transfers from this cell to the environment
in the opposite direction.

(i1) Antiport rules:

between twocells:  [u];'[w]}? — [w]f,1 [u]j./z,

side cell j, and cell i (resp., cell j) has po-
larization e (resp., e2), a rule [u];'[w]}? —
[w]jf1 [u]jé is activated. By applying the rule,
the two multisets are transferred to opposite
regions, and the polarization on cell i (resp.,
cell j) changes to €] (resp., cell €}). Simi-
larly, a rule u[w]f1 — w[u]f/' can be applied
between a cell and the environment. In this
case, due to the polarization on the cell, mul-
tisets in the cell and the environment are trans-
ferred in the opposite direction, and the po-

larization of this cell can be changed.

When we apply communication rules, im-
portantly, the polarizations on cells may not
be changed; that is, e; = e}, e; = €.

(ii1) division rules:
[a]fl - [b]f2[c]f"5’ €1,€2,€3 € {+9 ) O}’
where, i € {1,2,...,m},a,b,c € O,i # i .

When a cell has polarization e, and a corre-
sponding object appears in the cell, two cells
labeled i are generated; simultaneously, two
objects are located in the two regions to re-
place the previous object a. Importantly, ob-
jects a, b, and c can represent the same or
different objects. In addition, the polariza-
tions on the generated cells may not be the
same as that on the initial cell.

between cells and the environment: ~ u[w];' — Definition 3. NOP,,(sym,, antiy, polar;) is the

wlul;", set of natural numbers generated by 7 PP systems,
where, i, j € {1,...,m}, e, e, €}, €, € {+,—,0},i where m is the number of cells and / is the quantity
J-u,w € O". The length of an antiport rule is  of the polarizations on all the cells; in addition, sym
2(lul + [wl).

At a given moment, if a multiset u exists in- rule), and n (resp., k) denotes the maximal length

(resp., anti) indicates symport rule (resp., antiport

side cell i and another multiset w exists in-  of symport rule (resp., antiport rule).



3.2 System execution

In [2], the notion of maximal parallelism was pro-
posed by Paun: at a given moment, all rules which
can be applied have to be applied to all possible
objects. And for flat maximal parallelism, in each
step, between two regions, a maximal set of appli-
cable rules is chosen and each rule in the set is ap-
plied exactly once [40]. In our work, we adopt the
latter strategy to apply rules; that is, we introduce
flat maximal parallelism into tissue-like P systems.
At a given moment, each rule of 7P systems can

be executed once instead of multiple times.

In the following, we consider the execution of
T PP systems. At one step, with respect to two
different regions, if there are multiple rules that can
be executed, only rules of the same type can be ex-
ecuted, that is, only symport rules or antiport rules
can be executed. Moreover, the cells associated
with rules must have the same polarizations before
and after execution; otherwise, even if more than
one rule can be employed at a step, only the rules
whose associated cells have the same polarizations

before and after execution can be non-deterministically R,

applied. In addition, symport rules that can be exe-
cuted are activated only when objects communicate
in one direction, or else only the rules in which ob-
jects are transferred in the same direction can be

non-deterministically selected to be applied.

The configuration of a T PP system is influenced
by the following factors: the cells, the multiset of
objects in each region, and the polarizations on the
cells. At any step, all applicable rules associated
with different regions can be executed in parallel on
different channels; moreover, rules that can be ex-
ecuted must be applied to the corresponding chan-
nels. Initially, the notion of an initial configuration

is employed to characterize such a system. At each

step, a configuration can be generated with the ex-
ecution of rules, and a transition is employed to
characterize the variation between two configura-
tions. A sequence of transitions is characterized by
a computation. Notably, rules are employed con-
tinuously based on flat maximal parallelism and
follow the principle of non-determinism [2]. Fi-
nally, when the system halts, the execution of all
the rules terminates, and no rules can be used, so
we can obtain the halting configuration, and the
computation result can be obtained in the corre-
sponding region.

3.3 Two examples

Example 1. Let I1; = (O, E,wy, w2, p1, P2, R, iour)
be a 7PP system, where O = {a,b,c}, E = w, =
@, w; = wy, = b, pp = p, = 0, there are infinite
copies of objects a and c¢ in the environment. R
denotes the rules in the system, and there are two
rules associated with each cell respectively.

R : a[b](l) — blal;.

Ry :c[ 19— [c]t.

R;:al 1) — [al;.

L [B19 - B 13

Because rules can be executed in parallel on dif-
ferent channels, the rules associated with cell 1 and
cell 2 can be applied in parallel. First, we consider
rules R, and R, associated with cell 1. Obviously,
the two rules are allowed to be executed; however,
only one of the two rules can be used because only
rules of the same type can be executed.

Next, we consider rules R; and R, associated
with cell 2. Obviously, the two rules are allowed to
be executed; however, only one of the two rules can
be used because symport rules are used only when
objects communicate in one direction. Hence, rule

R; or R, can be non-deterministically applied.



Example 2. LetI1, = (O, E, wi,ws, p1, P2, R, lour)
be a 7PP system, where O = {a,b}, E = w, = Q,
wy = ab, p1 = p =0, i,, = 2, Ris the set of the
following rules:

Ry :[al{[ 1 = [ [a]}
Ry : [bT[ 15 — [ [P,

In the simple example, the system I, halts af-
ter one step. The polarizations of cell 2 are not the
same after these two rules are executed, so only one
rule can be non-deterministically selected to be ap-
plied. If R, is used, object a will appear in the out-
put region; if R, is used, object b will appear in the
output region. Hence, obviously, the computation
result is {a} or {b}.

LetII; = (O, E, w;, wa, R, i,,;) be a tissue-like P
system (see [30]), where O = {a,b}, E = w, = @,
wy = ab, i,, = 2, R is the following rules:

R :(1,a/4,2)
Ry : (1,b/4,2)

The system halts after one step. In this example,
rules R; and R, are performed simultaneously. It is
easy to obtain the computation result {a, b}.

As shown by these simple examples, when polar-
izations are introduced into a tissue-like P system,
the parallelism of the associated membrane system
may decline.

3.4 Recognizer 7 PP systems

In membrane computing, to solve decision prob-
lems, a general approach is to use recognizer P sys-
tems [41]. Next, recognizer 7 PP systems are em-

ployed.

Definition 4. A recognizer 7 PP system (de-

greem > 1,1 <i < m)is a construct:

H = (0, 2, E, Wi, Di, R’ iina iOLt[)’

where
e X represents an input alphabet (X C O);
e yes, no € O;
e i;, (resp., i, ) represents the input (resp., out-
put) region;

In such a system, the other parameters are de-
fined as in Definition 2. A recognizer 7 PP system
starts from an initial configuration with an input
multiset. Eventually, the system must stop com-
puting, generating object yes or no as the compu-
tation result.

Definition 5. We use X = (Iy, ) to represent a
decision problem, where Ix indicates the instances
of this problem and x represents a predicate based
on the instances. When solving decision problems
with 7PP systems (denoted by I = I1,, | n € N)
in polynomial time if the following holds:

(1) ITis polynomially uniform by Turing machines;
namely, the system II, can be built by a determin-
istic Turing machine which works in polynomial

time;

(i1) relative to Iy, there is a pair (cod, s) of polynomial-

time computable functions such that:

e u € Ix, such a system has an input multiset
cod(u);

e relative to n € N, s~'(n) can be a finite set;

e such a system is sound for the given (X, cod, s).
Relative to u € Iy, 7PP systems have an
accepting computation with input cod(u), in
this case, Ox(u) = 1;

e such a system is polynomially bounded for
the given (X, cod, s). Given a decision prob-
lem, 7P% systems have to halt after p(Jul)
steps (p represents a polynomial function);



e such a system is complete for the given (X, cod, s). The value of register r is the number of objects

If 6x(u) = 1, then all calculations with cod(u)
are accepting computations.

Definition 6.
T PP system is equivalent to that of symport rules

The maximum rule length of a

and antiport rules in the system. We use PM Cypp(
to represent that the class of decision problems can
be solved by a family of recognizer 7 PP systems
in a uniform manner in polynomial time, where the

maximal rule length is k.

4 University of 7 PP systems

In this section, to explore the computational power
of 7PP systems, we prove that this variant is equiv-
alent to a Turing machine in terms of number gen-
eration.

M = (m,H,ly, 1, 1) is a register machine with
m registers. The generated number will appear in
register 1. When 7P% systems halt, all registers
(except register 1) can be empty. The reader is
assumed to have mastered basic automata theory
(see [?] for details).

Theorem 1. NOP,(sym,, antiy, polar;) = NRE.

Proof. A TPP system is constructed as fol-
lows, where the polarization on cell 1 is “0”.

II1=(0,E, wi, p1, R, Lout)»

where
e O={LIV[® [P [|]ecHU{a, |1Z
r < mj;
e E={IV, [V [O|leHU{a,|1<r<m)
o w ={[}U{l®,IY|]eH)
e p1=0;
o i,,=l.

a, in cell 1. The register machine stops computing
when object [, is generated in cell 1, and all rules
stop running. At that moment, the number of object
a; in the cell can be regarded as the computation
result.

(1) For the ADD instruction [; : (ADD(r),l;, k)
, rules are designed as follows:

Ry V1110 — Liie.
Ry : a,[1"1) - [Vla,];.
Ry LIIPT — 171,15
Ry : LIPT — P[0
Rs: 17017 — [1770.

A TPP system executes an ADD instruction as
follows. Initially, the system runs with rule Rj,
namely, object lgl) and object /; in cell 1 exchange
their regions, yet the polarization on the cell re-
mains unchanged. Next step, due to object ll(.l), rule
R, is executed, changing the polarization to “+7,
and object a, enters cell 1. At step 3, rule R; or
R, 1s executed randomly: /; or [, enters the cell and
lgz) re-enters the cell; simultaneously, the polariza-
tion is changed to “0” (the same polarization as at
the initial moment), and the system is ready for the
next simulation. Therefore, three steps are required
to complete the simulation of an ADD instruction.

2) I; : (SUB(r),l},1;) is the SUB instruction,

where the following are rules in the system:

Re : 1111 — LTt
R, : 1(3)[1(4)]+ N l(4)[l(3)]0
T i 1 i i 41
Ry : [V[a,10 — a,[17]].
Ry : P[P0 = 1[Iy
Rio : IP11017 — 19097
Riy : LT — 121100,
P A A e R T



Rz - 11Ty — £,
Ruis : LlP19 = 121,00,

An SUB instruction is simulated with the rules
designed above. Initially, the system runs by ap-
plying rule R¢, namely, object lgl) and object /; ex-
change their regions, changing the polarization to
“+”. Next, due to the polarization on cell 1, rule
R; is executed, changing the polarization to “0”,
and object 153) including 154) exchange its regions.
At that moment, according to whether object a, ap-
pears in the cell or not, two cases are possible:

1) If object a, exists, rules Rg and Ry are executed
at once. The emphasis is that the two rules have
the same type, and the polarization before and after
execution is the same; therefore, they are applied
simultaneously. Due to rule Rg, object a, comes
into the environment so that the number of object
a, is decreased. In addition, due to rule Ry, ll@ and

153) exchange their regions. At step 4, rule Ry will

[

be executed, changing the polarization to “-”, and

ll(.3) including 154) exchange their regions. Finally,
Ry, and Ry, are executed simultaneously, where Ry,
is applied to generate object /; in the cell, thereby
simulating the SUB instruction, and Ry, is applied
to send 154) to cell 1; therefore the next SUB instruc-
tion is performed. Overall, the rules are performed

successively as follows.
R¢ = R; — {Rs, Ro} = Rio = {Ri1, Ri2}

2) If a, does not exist, the system only executes

rule Ry at the next step, changing the polarization
69 l(s) 1(3)
1 l

to “-”, and [ including [’ exchange their regions.

At step 4, rule R,3 starts to execute, changing the

polarization to “-”, and ll(.4) including lgl) exchange
their regions. At the final step, Ry4 is applied, and

object [, appears in the cell; therefore, the next

SUB instruction is performed. Overall, the rules

are performed successively as follows.
Re &> R; > Ry = Ri3 > Rys

In general, 5 steps are required to complete the
computation. Obviously, the above computing pro-
cess can correctly simulate the SUB instruction.
When the system eventually reaches completion,
object [, would be generated in the cell 1.

Theorem 2. NOP,(symy, polar;) = NRE.

Proof. A TPP system is constructed as fol-
lows, where only symport rules can be used, the

polarization on cell 1 is “0”.

H = (0, E, W],plaR’ l.()m),

where

o O ={LIV @ [® [ [ O |]ecH Ua, |
1 <r<m

E={®|leH)U{a, |1 <r<m}

o wi = {lp} U{ID,[®,[®,[® O |]eHY

® p = 0;
® =1
(D L : (ADD(r), 1}, 1) is the ADD instruction,

where the following are rules in the system:

Ry : (4110 — L1V1 10
Ry a,l"[ 10— [a, L ]
Ry: [P - P17

Ry : LIP[ 1 — (L2710
Rs : LIPL T — [LIP°.

A TPP system execute an ADD instruction as
follows. At step 1, the system runs by applying rule
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R, and objects /; and lE]) are moved into the envi-
ronment. Next, rule R, will be performed, chang-
ing the polarization from “0” to “+”, and object
a, enters cell 1, which satisfies the requirement of
adding 1 to the corresponding register. At step 3,
due to the polarization “+”, object ll(.z) will change
its region. In the end, rule R, or Rs is executed
randomly: /; or [, enters the cell, changing the po-
larization from “+” to “0”, and the system is ready
for the next simulation. Therefore, four steps are
required to complete the simulation process.

2) I; : (SUB(r),l}, 1) is the SUB instruction,

where the following are rules in the system:

Rs : [LIP10 — L1119,
Ry - IVIP110 — V1),
Ry : [1Pa,17 — 1Pa,[ 1°.
Ry : [1(4)1(5)]?— N 1(4)1(5)[ ]0
L A i 1°
Sl ) S A
CPLTE - U0,
. [1(3)1(6)]0 N 1(3)1(6)[ 17
B AR A | i 1
AR B Tl (3
HOLLT - TORDD.

An SUB instruction is simulated with the rules
designed above. Initially, the system runs with rule
1V

Rg, and objects /; and are moved into the envi-

ronment. Next, rule R; is executed, changing the
polarization to “+”, and objects lgl) including l§3)
are moved to cell 1. At that moment, according to
whether object a, exists in cell 1 or not, we obtain
the following two cases.

1) If object a, exists, rules Rg and Ry are executed
simultaneously, changing the polarization to “0”;
due to rule Rg, object a, comes into the environ-
ment, and the number of object a, decreases; in ad-
dition, according to the rule Ry, objects l§4) and l§5)

are moved into the environment. At step 4, rule R

will be executed, changing the polarization to “+”,
and objects 153) and ll(.4) enter the cell. Finally, Ry,
is applied to generate object /; in the cell, thereby
simulating the SUB instruction; moreover, object
ZES) is sent to cell 1, changing the polarization to
“0”; therefore, the next SUB instruction would be
performed. Overall, the rules are performed suc-

cessively as follows.

R¢ = R7 = {R3,R9} — Rjp — Ry;

2) If a, does not exist, the system only executes

rule Ry at the next step, changing the polarization

ll(.4) ll(.s) are transferred to

to “0”, and objects and

the environment. At step 4, rule R, starts to exe-

(132

cute, changing the polarization to “-
) and 1©
1 1

, and objects
and [ are moved into the environment. In the
end, R;3 and R4 are applied simultaneously, and
object [, appears in the cell. In addition, objects
lf4), lﬁs) and 156) enter the cell, changing the polar-
1zation to “0”; therefore, the next SUB instruction
is performed. Overall, the rules are performed suc-

cessively as follows.

R¢ = R; > Ry — Riz — {R13, R4}

In general, 5 steps are required to complete the
computation. Obviously, the above computing pro-
cess can correctly simulate the SUB instruction. If
object [, has been generated and the execution of
all rules has been completed, the system stops com-
puting, and the number of object a; in this cell is
regarded as the computation result. When the sys-
tem eventually reaches completion, object /;, would

be generated in the output region.



5 A uniform solution to the SAT prob-
lem based on 7 PP systems

5.1 Constructing 7 PP systems to solve the SAT

Theorem 3. SAT € PMCqrppu)

Proof. A SAT, which has n Boolean variables
and m clauses formula, can be denoted as follows:

Ci=y1;V- VY

where y;; € {x;, ~x; | 1 <[l <n},1 <i < pj,
1 < j < m; —x; is the negation of a propositional
variable x;.

Relative to a SAT formula v, it can be encoded

by cod(y) as follows:
cod(y) =@y QuiQro " Uua- Ay Aype

Next we codify «; ; in y with the following mul-
tiset(1<j<m,1<i<n)
Yi,j$

@; ;=14 N, j, which denotes —x; is in C};

which denotes x; is in Cj;

B, j, which denotes that neither x; nor —x; is in C;.

To solve the SAT with n Boolean variables and m

clauses formula, we build a recognizer P system

HTW(m,n) :

H‘TP‘P(m,n) = (0’ 27 E’ Wi, W2, D1, D2 R’ iin, iout)’

where

e O=XU{g; |1 <i<n+lYUlty;, fi;s Tij, Fij |
I <i<nl<j<m+1JU{r|1<j<
miU{c;|1<j<m+1}U{d yes,no};

o X={Y,;,N;;,Bijl1<i<n1<j<m}

o E={t;;,fijTij,Fij | 1 <i<mnl<j<
m+ 1}
Ufa; | 1 <i<n+1}U{r; |1 < j<m}U{c;|
I<j<m+ 1}

11

wi = {a1},w, = {d, yes,no};
P1=p2= 0;

® i, = I, lout = 0;

R is the following set of rules:

(1) Generation phase
Ry [a]) = [ fia 0 1 < i<

Ry; ;- [fi,jYi,j](l)[ ]2 - [ ]I—[li,jYi,j]Oa
I<i<nl1<j<m.
Rs;;: [ti,jNi,j](l) — 1 ;Nij[ 1],
I1<i<nl<j<m
Ry ;- [ti,jBi,j](l) — 1; Bl f,

1<i<nl1<j<m-1.

R5,i : [ti,mBi,m](l)[ ]g - [ ]I—[ti,mBi,m];a 1 < l <n.
R : timei[timly = timltimerl3, 1 <i<n
Ry [ 1 ltima1 Bimly — [ti,m+lBi,m](1)[ I, 1<i<n

Rg;;: [fi,jNi,j](l)[ ](2) - [ ]1_[fi,jNi,j]0’
1<i<nl<j<m.

Roij: [fijYi,1) = fiYiil 1],
I1<i<nl<j<m

Ry, : [fi,jBi,j](l) - fi;iBil 1],
l<i<nml<j<m-1.

Riy,i: [fi,mBi,m](l)[ ]2 = [ fimBiml3, 1 <i<n.

Rii i fimeilfimly = fimlfimal3, 1 <i<n.

Rizi : [ 1 fimn1Bimly = fim1Biml[ 15,
1<i<n.

) 0
Risij: TijaiNij[ 17 = [T js1Nijli,
I<i<nl1<j<m.

) 0
Risij: TijaBijl 17 = [Tij1Bijli,
1<i<nl<j<m.

R16,i,j . Fi,j+lYi,j[ ]f - [Fi,j+lYi,j](1)a

l<i<ml<j<m.
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ij - FijaBil 1] — [Fi’i”B"J](l)’
1<i<nml<j<m.

- ti,j[Ti,j](l) - Ti,j[fi,j]o,
I1<i<nl<j<m.

it JilFilY = Filfi10,

I1<i<nl<j<m.

- ti,j+1[ti,j](2) — 1t 113,
I1<i<nl1<j<m

- ”j[Yi,j]g - Yi,j[”j]g,

1<i<nl<j<m.

[ ltijeiril; — [ti,j+lrj](1)[ (2),

l<i<nml<j<m-1.

Ry ;. j-

Rysi o [ 1 [timer7ml; — [fi,m+17’m](1)[ I, 1<i<n

Rosjj: fijnlfij19 = fijlfijr1);s
I1<i<nl<j<m

Ras, ) - ”j[Ni,j]g - Ni,j[rj];’
I1<i<nl<j<m.

Raij: [ 1, [fijririls = [fijrri 190 19

1<i<nl1l<j<m-1.

R27,i : []T[ﬁ,m+lrm]; - [ﬁ,m+1rm](1)[ ]5,1 <i<n

Ras : [d]; — [d1[d1S.

Rt api[time1 Y = timeilain 9,1 <i<n.

Ry, : ai+l[ﬁ,m+l](1) - fi,m+1[ai+1](1), l<i<n

The initial configuration of 7P% systems is de-
scribed as follows: There are two cells labeled 1
and 2 in the system, where cell 1 contains object a;
and cell 2 contains objects d, yes and no. In addi-
tion, the two cells have the same polarization “0”
on them. When solving the SAT problem, the com-
puting process can be divided into three phases: 1)
the generation phase; 2) the checking phase; and 3)
the output phase.

In general, both cell 1 and cell 2 have division
rules, where cell 1 can generate all assignments
of n variables, and cell 2 can communicate corre-
sponding objects with cell 1. The generation phase
primarily corresponds to two parallel computing
processes: one is between cell 1 and the environ-
ment, and the other is primarily between cell 1 and
cell 2 (the environment is also involved as an auxil-
iary function). The computing process of this phase

is shown in Figure 1.

This stage primarily corresponds to a multiple
iterative computing process of n variables, where
the process of each variable can be performed sim-
ilarly. Related to the first iteration of the variables,
rule R;; can be applied at step 1; as a result, the
number of cells labeled 1 is doubled, and objects
t1.1 (corresponding to the assignment of “true”) and
f1.1 (corresponding to the assignment of “false™)
appear in the cells. At the second step, variable x;
in m clauses is checked to determine whether the
current assignment is satisfied with the execution
of rules from R,;; to Rs; and of rules from Ry ;
to Ryy;, where rules from R, ; ; to Rs; are designed
for the assignment of “true” and rules from Ry ;
to Ry, ; are designed for the assignment of “false”.
When corresponding rules are executed, for the “true”
(resp., “false”) assignment, the polarization of cell
1 will be changed to “+” (resp., “-”). There are
two possible parallel computing processes accord-
ing to whether the current assignment is satisfiable
for clauses:

(1) The corresponding clause is satisfiable with
the current assignment. In this case, rule R,; ; or
Rg; ; can be employed, but they would not be exe-
cuted simultaneously. At the next step, Ry, ; and
Ry1;j (or Ry j and Ros; ;) are applied. These rules
have the same rule type and have the same polar-

izations before and after execution, so they can be



R20,i,j
Roij—> —>R2,i,j(Rz3, i)
Ra1,i,j

Rs3,i,j = Rua,i
—> Rug i j

Ra,i,j = Rus,i,

Rsi —> Rei —> Ry Rag

Raa,ij
Rgij—> —>Ra6,i,j(Rar,i)
Ras, i j

Ro,i,j —>Rus,i,j
—> Rug,i

Rio,i,j=>R17,i,j

Rii = Ruzi —> Rugj;

corresponding to the assignment of “false"

Fig. 1 Computing process during the generation phase.

corresponding to the assignment of "“true" Rog i
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used simultaneously. By applying these rules at
this step, the polarization of cell 1 can be changed
from “0” to “+”. Subsequently, rule Ry, ; ; or Ra; ;
is executed, sending multiset #; ;,,7; back to cell 1
and changing the polarizations of the correspond-
ing cell 1 and cell 2 to “0”. In this way, the whole
process increases the second subscript of #;; and
the satisfiable clauses are obtained (represented by
r;). If the current variable corresponds to the last
clause in the formula, rule Ry3;; or Ry;; is em-
ployed, changing the polarization of cell 1 to “0”
for the next iterative variable and changing the po-
larization of cell 2 to ““-” for the application of di-

vision rule R,g at the next step.

(i) The corresponding clause is not satisfiable
with the current assignment. In this case, rule R3; ;
or Ry;; (resp., Rg;; or Ryp;;) can be employed.
Subsequently, rules Ry4; j to Ry, ; are used. Specif-
ically, if rule R3; ; (resp., R4, ;) was executed at the
last step, rule Ry4; ; (resp., Ris; ;) is applied at this
step; similarly, if rule Ry, ; (resp., Rio; ;) was exe-
cuted at the last step, rule Ryq; ; (resp., Ry7; ;) will
be applied at this step. The polarization of cell 1

would be changed to “0”. Next, rule Ryg; ; (resp.,
Ry9; ;) is executed. In this way, the whole process
can increase the second subscript of #; ; (resp., f; ;).
We consider a particular case, namely, if the last
clause in the formula corresponding to the current
variable is B, ,,, we design rules Rs; to R;; (includ-
ing rules R;;; to Ry3;) to perform division on cell
2. Hence, these rules can not only increase the sec-
ond subscript of 7; ; (resp., f; ;) one by one but also
change the polarization of cell 2 to “-”. Obviously,

a division rule can be employed on each cell 2.

With the execution of the above rules, the fol-
lowing computation continues in parallel on cell 1
and cell 2. For a cell with label 1, when the execu-
tion of m clauses is completed, object ¢;,,.; (resp.,
fim+1) can be generated in each cell 1, and rule Ry
(resp., R3p,;) 1s used at this step, generating object
a;+1 1n the corresponding cell. Hence, rule R, ; is
executed for the generated object a;;;. Similarly,
the assignment of the next variable is generated,
and the computation of the next variable starts. In
contrast, for a cell with label 2, due to the polar-

¢ 9

1zation on cell 2 at this moment, division rule
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R,5 can be executed to double the number of cells
labeled 2, thereby preparing for the next variable.
Ultimately, the generation phase generates 2" cells
labeled 1 and 2" cells labeled 2.

In particular, the system runs under flat maxi-
mal parallelism. For example, when rules Ry, ; ; or
Ry j are activated, the same cells with label 1 do
not receive multiple multiset 7; j,,7; because a rule
cannot be executed multiple times on the same cell
at the same time. Hence, each cell with a label of
2 can only send objects to exactly one cell with a
label of 1.

The entire generation phase is completed within
3mn + 2n steps.

(2) Checking phase

R31 : Cl[an+1](1) - an+1[cl](])-
R32’j . [erj](l)[ ]g i [ ]T[erj];’ 1 < J < m.
R33’j : Cj+1[Cj]-2'— - Cj[cj+l](2)’1 <js<m.

Ry [Tl = [0 15,2<j<m+ 1.

The main task of this stage is to detect whether a
sequence of objects ry, 15, ..., 1, exist in each cell
1. When the generation phase ends, object a,,, is
produced in each cell 1, and then rule R3; can be
executed. As a result, object ¢; in the environment
and object a,; in the cell exchange their own re-
gions. Subsequently, by employing rule R3, j, mul-
tiset ¢;r; in a cell labeled 1 arbitrarily enters a cell
labeled 2, and then the system executes rule Rss j,
increasing the subscript of object ¢; in cell 2 to gen-
erate object ¢,. Next, rule R34 ; is executed, and ob-
ject ¢, is sent to a cell labeled 1. Similarly, the
above rules from Rz, ; to Rs,; are performed re-
peatedly. The entire checking phase is completed
within 3m + 1 steps.

(3) Output phase

R3s : [no]) — nol 19.
Rs6 : [cnlllyes]) — [yes]i[cal}

R3; : no[yes]; — yes[nol’.

When the system starts running, at step 1, rule
Rss is used together with rule R, ;. When the check-
ing phase halts, if object ¢, is generated on an ar-
bitrary cell 1, obviously, the SAT has at least one
satisfiable solution, and then rule R4 is activated;
as a result, object c,, and object yes exchange their
regions where they are located. Eventually, the sys-
tem stops computing when the execution of rule
R37 halts, and then object yes is located in the en-
vironment, indicating that the computing result of
the SAT is satisfiable. In this case, the entire output

phase is completed within 2 steps.

In contrast, when the checking phase halts, if we
cannot find object c,, in any cell 1, the SAT has
no satisfiable solution. In this case, neither rule
R3¢ nor R3; will be performed. Therefore, the sys-
tem reaches the halting configuration, and object
no is located in the output region, indicating that
the computing result of the SAT is not satisfiable.
In this case, the entire output phase does not take
one step.

5.2 Some formal details

Relative to Theorem 3, the computing resources of
I7pponn are listed below.

e size of the set O: Tmn+2m+5n+5 € O(mn);
e initial number of cells: 2 € O(1);
e initial number of objects: 4 € O(1);

e the types of polarizations: 3 € O(1);



e the total number of rules: 18mn+3m+7n+5 €
O(mn);

e the maximal length of rules: 4 € O(1).
Eventually, the system stops computing. At this
point, no rules can be activated, and no rules are
being applied. If the SAT is satisfiable, the system
halts after 3mn + 3m + 2n + 3 steps; in contrast,
if the SAT is not satisfiable, then the system halts
after 3mn + 3m+ 2n + 1 steps. Therefore, the 7 PP

system is polynomially bounded.

6 Computational complexity of 7 PP
systems

Next, we analyse analyze the computational com-

plexity of 7PP systems. In the following, we mainly

consider it from the perspective of the maximum
rule length, along with the types of rules.

For a membrane system, the shorter the maxi-
mum rule length is, the more optimized the con-
structed system. Therefore, if a membrane system
can be constructed to solve the same problem with
a shorter maximum rule length, the system pro-
vides more excellent computational properties. For
instance, in [33], the SAT was solved with a max-
imum rule length of 8; however, in [42], the max-
imum rule length was reduced to 3 with the same
model. Hence, the latter paper improved the pre-
vious research results. Obviously, in membrane
computing, the rule length is an important factor
affecting the computational efficiency.

In [

proven that only finite sets of non-negative inte-

], in a maximally parallel manner, it was

gers can be generated by tissue-like P systems with
symport rules of maximal length 1 and antiport rules
of maximal length 2 or with only symport rules of
maximal length 2. Recently, when rule synchro-
nization was introduced [44], some scholars ob-

tained the result of Turing universality by apply-
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ing the same model with the same rule lengths.
In this work, however, when polarizations are em-
ployed, we also prove that the computational power
of 7PP systems is equivalent to that of a Turing
machine, where the maximum lengths of symport
rules and antiport rules are 2 and 4, respectively,
or the maximum length of only symport rules is 4
(only one cell and three types of polarizations are
employed in both cases). Moreover, due to cell di-
vision rules, 7 PP systems can solve the SAT prob-
lem (a classical NP-complete problem) in polyno-
mial time, where the maximum rule length is 4.

According to Theorem 1 and Theorem 2 in this
paper, the conclusions can be denoted as follows:

NOP,(symy, antiy) = NFIN,

NOP(sym;) = NFIN.

Hence, despite the computational power of tissue-
like P systems, the following two theorems are still
open problems: NOP,(symy,anti,) = NRE and
NOP,(symp) = NRE. Moreover, if the maximal
rule length is 2, it is difficult to solve NP-complete
problems.

In this work, the maximum length of 7P% sys-
tems (constructed in Theorem 1, Theorem 2 and
Theorem 3) seems to be 4, yet they can be mod-

ified to a form with a maximum length of 2. For

instance,
Symportrule:  [;;Y; ;19019 — [ 17[#:,Y:;15,
Antiport rule: t,"j+1[t,"j](2) - ti,j[ti,j+1];’

We can denote these rules in other forms, such
as

Symportrule:  (1107% 4, ;Y; ;/4, 21020
(0, i js1 /1,5, 217"

However, to better describe the polarizations on

Antiport rule:

cells, we used the former form to characterize the
corresponding rules. Hence, although the maxi-
mum length of rules is 4 in this work, this is the

reason that rules are denoted in different ways; that
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is, the maximum rule length in this work can be re-
garded as 2. Actually, the total number of objects
participating in these rules is 2 (if there are multi-
ple copies of an object, the total number would be

counted).

7 Conclusions

In this work, inspired by the phenomenon of cell
polarization in biological tissues, we have proposed
anew mechanism that employs polarizations to con-
trol the execution of rules and introduces the strat-
egy of flat maximal parallelism, thereby construct-
ing a variant called 7P%P systems. To explore the
computational power of 7 PP systems, we have
proven that the variant is equivalent to a Turing
machine in terms of generating numbers by using
one cell and applying antiport rules with at most
two objects and symport rules with only one object
or only symport rules with two objects. Moreover,
we have introduced cell division rules with polar-
izations and solved the classic SAT problem effi-
ciently, where the total number of objects partici-
pating in the rules is only 2. In brief, on the one
hand, polarizations are considered, adding some
power and control to the system; on the other hand,
parallelism between symport and antiport rules is
restricted to only one type, and only in one direc-
tion if using symport rules.

In this work, a cell in 7P%P systems may have
three types of polarization. If we decrease the num-
ber of polarization types, e.g., to two types, it would
be interesting to study whether such a variant can
obtain the same results of this paper. In addition,
we apply antiport rules and symport rules when
proving the computational efficiency of 7 PP sys-
tems; where, although only two objects are used in
the two types of rules, symport rules are not non-

cooperative. In terms of computational complexity,

whether rules in the proof can be noncooperative or
not merits further study.

Polarizations are introduced into tissue-like P sys-
tems, and the parallelism of the rules may be re-
duced. Nevertheless, this approach can precisely
control the rules through polarizations. We can
consider time-free P systems, where the rule ex-
If 7PP systems and

the time-free approach are combined, rules can be

ecution time 1S uncertain.

controlled more precisely through polarizations on
cells. Hence, such a variant is worthy of further

study.

T PP systems operate under the mode of flat max-
imal parallelism. To date, inspired by biological
phenomena, various other modes have been pre-
sented, e.g., asynchronism [45], minimal parallelism
[46], local synchronization [47], and rule synchro-
nization [44]. Maximal parallelism is the most widely
used mode. It is challenging to solve the SAT prob-

lem using 7 PP systems with maximal parallelism.

Recently, Song et al. proposed a novel type of
tissue-like P systems, namely, monodirectional tis-
sue P systems with promoters [36], in which ob-
jects can only move in one specified direction. These
systems realize Turing universality under the in-
fluence of promoters with a maximum rule length
of 2. It would be interesting to construct a new
monodirectional P system based on 7 % systems.
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