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Abstract— Cell-like P systems with symport/antiport rules are
inspired by the structure of a cell and the way of communicating
substances through membrane channels between neighboring
regions. In this work, channel states are introduced into cell-like
P systems with symport/antiport rules, and we call this variant
of communication P systems as cell-like P systems with channel
states and symport/antiport rules. In such P systems, at most one
channel is established between neighboring regions, each channel
associates with one state in order to control communication
at each step, and rules are used in a sequential manner: on
each channel at most one rule can be used at each step.
The computational power of such P systems is investigated.
Specifically, we show that cell-like P systems with two states and
using uniport rules, or with any number of states and using
antiport rules of length two, are able to compute only finite sets
of non-negative integers. We further prove that cell-like P systems
with two membranes are as powerful as Turing machines when
channel states and symport/antiport rules are suitably combined.
The results show that channel states are a feature that can
increase the computational power of cell-like P systems with
symport/antiport rules.

Index Terms—Bio-inspired computing, channel

membrane computing, P system, universality.

state,

I. INTRODUCTION

EMBRANE COMPUTING is a fast-growing branch

of natural computing, which arose as an abstraction
of the architecture and functioning of living cells, and the
way in which biochemical substances are processed in a
single cell or in a net of cells [1]. The computing devices
investigated in membrane computing are called P systems.
Many variants of P systems were introduced with mathe-
matical, computer science or biological motivation [2]-[5],
and many of them have been applied to solve real prob-
lems [6]-[10]. According to the membrane structure, there
are two main families of P systems: cell-like P systems which
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have a hierarchical arrangement of membranes as in a cell [1]
and tissue-like P systems or neural-like P systems which
have several one-membrane cells as in a tissue or a neural
net [11], [12]. A comprehensive introduction of membrane
computing can be found in the monograph [13], [14], and
for the most up-to-date source of information on both general
and technical levels, one can go to the P systems web page
http://ppage.psystems. eu.

A cell-like P system consists of a hierarchical arrangement
of membranes, each membrane delimiting a compartment
(also called region), where multisets of objects and rules
to make these objects evolve are placed. A membrane with
no compartments inside is called elementary, otherwise it
is called non-elementary. The outmost membrane is called
a skin membrane, the space outside the skin membrane is
called the environment. Evolution rules have the form of
either rewriting or communication (symport/antiport) rules.
The present work focuses on symport/antiport rules, which
were proposed in [15], [16]. A symport rule is written in the
forms (u, in) or (u, out), meaning that the objects specified by
multiset # can enter or exit the membrane with which the rule
is associated. Uniport rules are those by which only one object
is moved. An antiport rule is written in the form (u, out; v, in),
meaning that the objects of u exit and simultaneously, those
of v enter the membrane with which the rule is associated.
The length of a communication rule is the total number of
objects involved in that rule.

The computational power of cell-like P systems with sym-
port/antiport rules has been investigated widely, and under
several strategies concerning the use of rules such P systems
are proved to be computationally complete [15], [17]-[24].
An interesting strategy concerning the use of symport/antiport
rules was presented in [25], where channel states were intro-
duced into tissue P systems to control the symport/antiport
rules. Hence a variant of tissue P systems, called fissue
P systems with channel states, was proposed, where there is
at most one channel between two cells or between a cell and
the environment, a state is associated with each channel to
control the communication at each step, and rules are used in
a sequential manner: on each channel at most one rule can be
used at a computation step.

It is known that cell-like P systems with two membranes
and using symport rules of length 2 or using symport rules
of rule 1 and antiport rules of length 2 are Turing universal
(see [14, Theorem 5.10, Ch. 5]). However, in these systems,
rules are used in a maximally parallel manner, that is, at each
step, a maximal multiset of rules between two cells or between
a cell and the environment are applied, no further rule can be
added being applicable.



In this work, channel states are introduced into cell-like
P systems with symport/antiport rules, and we call this new
variant of communication P systems as cell-like P systems
with channel states and symport/antiport rules. In such
P systems, at most one channel is established between neigh-
boring regions, a state is associated with each channel to
control the communication at each step, and rules are used
in a sequential manner at the level of each channel (on each
channel associated with two neighboring regions, at most one
rule can be used at one step) and in a parallel manner at the
level of the system (all channels which can use a rule must
do it).

The computational power of cell-like P systems with chan-
nel states and symport/antiport rules is investigated. Specifi-
cally, we prove that such P systems with two states and only
using uniport rules, or with any number of states and using
antiport rules of length two, are able to compute only finite
sets of non-negative integers. We further show that cell-like
P systems with two membranes are Turing universal when
having any number of states and only using uniport rules, or
four states and only using symport rules of length two, or two
states and only using symport rules of length three, or one
state and only using antiport rules of length three, or three
states and using uniport rules and antiport rules of length two.

It is known that cell-like P systems with two membranes
using only symport rules of length at most 1 and working in a
sequential manner are not Turing universal. It will be proved
that such kind of P systems with channel states are Turing uni-
versal (see Theorem 4.4) (note that by the definition, cell-like
P systems with channel states work in a sequential manner).
This comparison shows that the feature of channel states can
increase the computational power of cell-like P systems with
symport/antiport rules.

II. PRELIMINARIES

In this section, we recall some basic notions and notations
from formal language theory and membrane computing that
we use in this work. For further details and information the
reader is referred to [14], [26].

An alphabet T is a non-empty set and its elements are called
symbols. A string u over I' is a finite sequence of symbols
from I'. The number of occurrences in u of symbols from I'
is called the length of the string u, denoted by |u|. The empty
string (with length 0) is denoted by A. The set of all strings
over an alphabet T is denoted by I'*, and by T't = I'*\{/}
we denote the set of all non-empty strings. A language over
I" is a set of strings over I.

A multiset over an alphabet I" is a function m : ' — N,
which gives a nonnegative multiplicity m(x) for each x € T.
The support of a multiset m is defined as supp(m) = {x €
I'| f(x) > 0}. A multiset is finite if its support is a finite set.
We denote by @ the empty multiset. The size of a finite multiset
m= (T, f)is > .r f(x), and it is denoted by |m|. Let m,
m> be multisets over I'. The union of m| and m», denoted by
m1 + my, is the multiset over I' defined as (m| + m)(x) =
mi(x) 4+ mo(x) for each x € I'. We say that m is contained
in my and we denote it by m| C my, if m(x) < ma(x) for
each x € I'. The relative complement of m, in m, denoted

by m1\my, is the multiset defined as (m\m3)(x) = m(x)—
ma(x) if mi(x) > ma(x), and (m \ mz)(x) = 0 otherwise.

We denote by NFIN the family of all finite sets of
positive integers. By NMAT we denote the family of sets
of positive integers generated by matrix grammars without
appearance checking. By NRE we denote the family of
recursively enumerable sets of natural numbers. It is known
that NMAT C NRE [27].

A register machine is a tuple M = (m, H, ly, I, I), where

e m is the number of registers;

e H is a set of labels;

e Iy, Il € H are distinguished labels, where [y is the label
of the initial instruction, and [, is the label of the halting
instruction;

e [ is a set of labeled program instructions of the following
forms (each label from H labels only one instruction from
1, thus precisely identifying it):

e /i : (ADD(r),!;,lx) (add 1 to register r and then
go to one of the instructions with labels /;, [;, non-
deterministically chosen);

e i : (SUB(r),lj,lx) (if register r is non-zero, then
subtract 1 from it, and go to the instruction with label
[;; otherwise, go to the instruction with label /i);

e [, : HALT (the halt instruction).

A register machine M generates a set N(M) of numbers
in the following way: initially, all registers of the machine
are empty (i.e., storing the number zero); the machine starts
to apply the instruction with label /y and continues to apply
instructions as indicated by the labels (and made possible
by the contents of registers); if the machine M reaches the
halt instruction [, then the number n presented in specified
register 1 at that time is said to be generated by M. If the
computation does not halt, then no number is generated.
It is known that register machines generate all sets of num-
bers which are Turing computable, hence they characterize
NRE [28], [29].

III. CELL-LIKE P SYSTEMS WITH CHANNEL STATES AND
SYMPORT/ANTIPORT RULES

In this section, we give the definition of cell-like P systems
with channel states and symport/antiport rules.

Definition 3.1: A cell-like P system with channel states and
symport/antiport rules, of degree ¢ > 1, is a tuple
O=0,K,&E u, M1,..,Mg,s1,...80, Ri,...., Ry, iour),
where
I' is a finite alphabet of objects and £ C T
K is an alphabet of states (not necessarily disjoint of I');
4 1is a rooted tree with ¢ nodes labelled by 1, .. ., g;
M;, 1 <i < g, are finite multisets over T';
si, 1 <i < q, are channel states;
Ri, 1 <i < g, are finite sets of rules of the following
forms (associated with the channels):

e Symport rules: (s, (u,in),s’) or (s, (u, out), s"), for
s, e K,uelt;

e Antiport rules: (s, (u, out; v,in),s’), for s, s’ € K,
u,p e 't

® iour €{0,1,..., 49}



A cell-like P system with channel states and sym-
port/antiport rules of degree ¢ > 1 can be viewed as a set
of ¢ membranes labelled by 1, . . ., g, arranged in a hierarchical
structure of a rooted tree (the root labelled by 1 is the skin
membrane), such that: a) M, ..., M, represent the finite
multisets of objects initially placed in the ¢ membranes of
the system; b) £ is the set of objects initially located in
the environment of the system, all of them available in an
arbitrary number of copies; ¢) s1,...,5, are initial channel
states between neighboring regions; specifically s; is the initial
state associated with the channel between membrane i and its
parent; d) R1, ..., R, are finite sets of rules (R; corresponds
to membrane i of u); €) i,y is a distinguished region which
will encode the output of the system. The term region i
(0 < i < g) refers to membrane i in case 1 < i < ¢
and to the environment in case i = 0. For each membrane
i €{2,...,q}, we denote by p(i) the parent of membrane
i in the rooted tree u, the “parent” of the skin membrane
is the environment, denoted by p(1) = 0. The length of a
symport rule (s, (u, in), s") or (s, (u, out), s’) (an antiport rule
(s, (u, out; v,in), s"), respectively) is defined as |u| (Ju|+ |v],
respectively). It is worth pointing out that any rule in R;
involves membrane i and its parent region p(i).

We note the important restriction that there is at most
one channel between neighboring regions, where at each
step a state from K is associated. This does not restrict the
communication between the neighboring regions, because the
movement of objects in the two directions of a channel is
allowed.

A symport rule (s, (4, out),s’) € R; is applicable to a
configuration at a moment if the channel between membrane i
and its parent region p(i) has the state s and membrane i
contains multiset # at that moment. When such a rule is
applied, multiset u is sent to region p(i) and the channel
state between region i and region p(i) is changed from
s tos'.

A symport rule (s, (u,in),s’) € R; is applicable to a
configuration at a moment if the channel between membrane i
and its parent region p(i) has the state s and the region
p(i) contains multiset u at that moment. When such a rule is
applied, multiset u enters membrane i from region p(i) and the
channel state between region i and region p(i) is changed from
s tos'.

An antiport rule (s, (u, out;v,in),s’) € R; is applicable
to a configuration at a moment if the channel between mem-
brane i and its parent region p(i) has the state s, and mem-
brane i contains multiset u as well as its parent region contains
multiset v at that moment. When such a rule is applied,
multiset ¥ from membrane i is sent to region p(i), at the
same time multiset v enters region i from region p(i), and the
channel state between region i and region p(i) is changed from
s tos'.

The rules of a cell-like P system with channel states and
symport/antiport rules are applied in a sequential manner at
the level of each channel (on each channel associated with two
neighboring regions, at most one rule can be used at one step)
and in a parallel manner at the level of the system (all channels
which can use a rule must do it).

A configuration of a cell-like P system with channel states
and symport/antiport rules at any instant is described by all
multisets of objects over I' associated with the regions, all
states associated with each channel and the multiset of objects
over I' \ £ associated with the environment at that moment.
Note that the objects from £ have infinite copies, so they
are not properly changed along the computation. The initial
configuration is (My, ..., My, s1,...,54; 9).

Starting from the initial configuration and applying rules
as described above, one obtains a sequence of consecutive
configurations. Each passage from a configuration to a suc-
cessor configuration is called a transition. A configuration is a
halting configuration if no rule of the system is applicable to it.
A sequence of transitions starting from the initial configuration
is a computation. Only a halting computation gives a result,
encoded by the number of copies of objects present in the
output region i,y;.

The set of natural numbers computed in the way men-
tioned above by a cell-like P system with channel states and
symport/antiport rules IT is denoted by N(IT). The family
of all sets of numbers computed by such P systems with
at most m membranes, k states, and using symport rules
of length at most #;, antiport rules of length at most #, is
denoted by NO P, (statei, sym;,, anti;,). Note that if only
symport rules (resp., only antiport rules) are used in a system,
then it is simply denoted by NO P, (statey, symy;) (resp.,
NO P, (statey, anti)). If one of the parameters m, k, t1, 12
is not bounded, then it is replaced with .

IV. COMPUTATIONAL POWER OF CELL-LIKE P SYSTEMS
WITH CHANNEL STATES AND SYMPORT/ANTIPORT RULES

In this section, we investigate the computational power of
cell-like P systems with channel states and symport/antiport
rules.

In the proofs of Theorems 4.4, 4.5, 4.6, 4.7 and 4.8, we
consider a register machine M = (m, H, lo, lj,, I) as described
in Section II.

Theorem 4.1: NO Py (state, anti) C NFIN.

Proof: The proof follows from the fact that the number
of objects in a membrane cannot be changed by using only
antiport rules of length 2, therefore the number of objects in
any cell-like P system with antiport rules of length 2 will not
change during any sequence of transitions starting from the
initial configuration and ending with a halting configuration,
and the number of channel states is finite during this process.
Hence, only finite sets of natural numbers can be generated.

Theorem 4.2: NO Py (statey, symi) C NFIN.

Proof: 1t is enough to observe that the number of objects
in the system can increase only if a rule (s, (a,in),s’) with
a € &, is used in the skin membrane (the channel state between
the skin membrane and the environment must be changed,
otherwise the system never halts); on the other hand, if there
isarule (s, (a,in),s") witha € £ and arule (s, (b, in), s) for
b € £, a # b in the skin membrane then the computation never
halts. Hence it is easy to see that for any halting computation,
at most n + 1 objects may be generated, with n being the
number of objects initially present in the system. Therefore,
the generated set of numbers is included in NFIN.



Tissue P systems with one cell can be viewed as cell-like
P systems with one membrane and symport/antiport rules,
hence we have the following results [25].

Theorem 4.3: NO P(statey,antiy) =
symy, antiz) = NMAT.

In what follows, several Turing universal results are
obtained by cell-like P systems when channel states and
symport/antiport rules are suitably combined.

Theorem 4.4: NO Py (state,,sym|) = NRE.

Proof: We only prove the inclusion NRE C
NO Py (statey, sym1). The reverse inclusion follows from the
Church-Turing thesis.

Let us consider a register machine M = (m, H, ly, [, I).
We construct the cell-like P system with channel states and
symport/antiport rules IT to simulate the register machine M.

H - (F7 K757ﬂ9M1,M29lO9S9R1,R29 1)9

NO P (statey,

where

o '={a; |1 <i<mjU{b,e},

K ={s,s,s", "YU, U, 1",I",1" |l e H},
E=fai|1=i=m}Ufe},

=11l 121y,

M =0, M, = {b}, and the sets R, R, of rules are as
follows:

e For each ADD instruction /; : (ADD(r), [}, lx) of M, we

consider the following rules in R :
r1: (Ui, (ar, in), 1j),
ra: (Ui, (ar,in), l)

An ADD instruction /; is simulated obviously. Under the
control of channel state /; between membrane 1 and the envi-
ronment, one of rules r; and r; is used non-deterministically.
By applying rule r; (resp., r2), one copy of object a, is
introduced into membrane 1 (simulating that the number stored
in register r is increased by one), and the channel state between
membrane 1 and the environment is changed to /; (resp., [y).
Hence, the system starts to simulate an instruction with label
lj or li. Clearly, the instruction /; of M is correctly simulated
by II.

e For each SUB instruction /; : (SUB(r), [}, lx) of M,

e we consider the following rules in R;:
r3 2 (i, (e, in), 1)),
rq (I, (ar, out),l!),
rs (7, (b, out),l]),
re : (I, (b, out), I}),
r7: (7, (b,in), "),
rg (I, (b,in),II"),
ro : (I, (e, out), 1),
rio : (ll’f“, (e, out), Iy);
e and we consider the following rules in R :
ri1: (s, (e,in), s),
riz: (s, (b, out),s”),
ri3 : (s”, (e, out), s,
ria: (s, (b,in), s).

A SUB instruction /; is simulated by system II in the
following way: At step 1, under the influence of channel
state /; between membrane 1 and the environment, one copy
of object e is sent into membrane 1 by using rule r3, and the

TABLE I

THE APPLICATION OF RULES IN R| AND R, THE EVOLUTION OF CHAN-
NEL STATES s; AND s3, AND THE REWRITING OF MULTISETS M
AND Mj IN MEMBRANES 1 AND 2, RESPECTIVELY, DURING THE
SIMULATION OF A SUB INSTRUCTION; : (SUB(r), I}, ) WITH
REGISTER r NOT EMPTY, WHERE z, 7/ ARE MULTISETS OF
OBJECTS FROM THE SET {ay, ..., am},z =7  ar

Step | R1 | R2 | s1 $2 My Mo
0 — — l}- s z {b}
1 — U U] b
2 77"‘2 T11 lf/ 5/ : Z/{e} {I{), i}
3 — [r [T [ 67 27U {b} {e}
4 rs | riz | 17 [ 7 [ ZU{e} =
5 r7 — [87 " Zu{be} —
6 ro | ria | U s 2’ {v}

channel state is changed to llf . In what follows, we have two
cases:

e There is at least one copy of object a, in membrane 1
(corresponding to the fact that the number stored in
register r is greater than 0). In this case, at step 2, rule ry4
is enabled and applied, one copy of object a, is sent to
the environment (one copy of object a, is consumed), and
channel state between membrane 1 and the environment
is changed from [/ to [!’; simultaneously, by using rule ry1,
object e is sent into membrane 2, the channel state
between membrane 2 and membrane 1 is changed from
s to s’. At step 3, rule rip is used, object b is sent
out of membrane 2 (changing the channel state between
membrane 2 and membrane 1 to s”), which will be sent
to the environment at the next step by applying rule rs;
by using rule rj3, object e is sent out of membrane 2,
the channel state between membrane 2 and membrane 1
is changed to s™. At step 5, rule r7 is enabled and used,
object b is sent into membrane 1, which will be sent
back to membrane 2 at the next step by using rule ri4
(the channel state between membrane 2 and membrane 1
is changed back to s again); simultaneously, the chan-
nel state between membrane 1 and the environment is
changed to [!”, which will be changed to /; at step 6 by
using rule r9. Hence in this case, one copy of object a,
is consumed in membrane 1 (simulating that the number
stored in register r is decreased by one), and the system
starts to simulate the instruction /; (see Table I).

e There is no object a, in membrane 1 (corresponding to
the fact that the number stored in register r is 0). In this
case, at step 2, only rule rq1 is enabled and applied, object
e is sent into membrane 2 and object b will be sent out of
this membrane at the next step. At step 4, by using rule rg,
object b is sent to the environment, which will be sent
into membrane 1 at the next step by using rule rg, the
channel state between membrane 1 and the environment
is changed from /] to lf“; by applying rule r13, the channel
state between membrane 2 and membrane 1 is changed
to s””. At step 6, rule ry4 is applied, object b is sent back
to membrane 2, the channel state between membrane 2
and membrane 1 is changed to s again; simultaneously,
by using rule rig, the channel state between membrane 1
and the environment is changed to /;. Hence, the system
starts to simulate the instruction [; (see Table II).



TABLE II

THE APPLICATION OF RULES IN R| AND R3, THE EVOLUTION OF CHAN-
NEL STATES s; AND s3, AND THE REWRITING OF MULTISETS M
AND M IN MEMBRANES 1 AND 2, RESPECTIVELY, DURING THE
SIMULATION OF A SUB INSTRUCTION/; : (SUB(r), I}, ) WITH
REGISTER r EMPTY, WHERE z IS A MULTISET OF OBJECTS

FROM THE SET {ay, ..., amn}

Step | R1 | Re S1 89 My Mo
0 — — l; s z {b}
1 r3 — [ s zU {e} {b}
2 — 11 4 s z {b, e}
3 — [re [ T 16" 2z U {b} {e}
4 re | riz | I [ s [ zU{e} —

5 r8 — [ s zU{be} —
6 r10 | T14 Ik s z {b}

Hence, the SUB instruction of M is correctly simulated by
system II.

When the channel state between membrane 1 and the
environment is /;, no rule can be used in the system, and
the computation halts. The number of the copies of object a;
in membrane 1 corresponds to the result of the computation,
hence N(M) = N(II).

Theorem 4.5: NO Py (statey, symy) = NRE.

Proof: We only prove the inclusion NRE C
NO Py (stateyq, symy). The reverse inclusion follows from the
Church-Turing thesis.

Let us consider a register machine M = (m, H, ly, [, I).
We construct the cell-like P system with channel states and
symport/antiport rules IT to simulate the machine M.

H = (F) K)g)/’t’MlﬁMz’S’s)Rl)Rz) 1))

where
o T={a|1<i<mUibb.b".1,I',I" | bl e H}U{e),
o K ={s,5,s",s"),
o E={a|1<i<mULII"|leHU/lel,
o u= [[ll,
o M ={lp}, My =1{b,b',b" | b € H}, and the sets R,

Ry of rules are constructed as follows:
e For each ADD instruction /; : (ADD(r), [}, lx) of M, we
consider the following rules in R1:
r1: (s, (ib;, out), s),
ry : (s, (biay,in),s’),
r3: (s', (b, out),s"),
ra: (s', (bilj,in),s"),
rs: (', (bilg, in),s"),
re : (s”, (bi, our),s"),
r7:(s”, (bie,in), s);
e and we consider the following rules in R :
rg : (s, (li,in), s),
ry : (s, (lib;, out), s’),
rio : (s/, (bie, in), s)

An ADD instruction /; is simulated by system II in the
following way: At step 1, under the control of channel state s
between membrane 2 and membrane 1, object /; is sent
into membrane 2 by using rule rg, this object together with
object b; will be sent out of this membrane at the next step
(by using rule r9), and the channel state between membrane 2
and membrane 1 is changed from s to s’. With the appearance

of object b; in membrane 1, rule rq is enabled at step 3; by
using this rule, object b; is sent to the environment, and one
copy of object a, will be sent into membrane 1 at the next step
(by applying rule r;), the channel state between membrane 1
and the environment is changed to s’. At step 5, under the
influence of channel state s’ between membrane 1 and the
environment, rule r3 can be used, object b; is sent to the
environment again. At the next step, one of rules r4 and r;
is used non-deterministically. By applying rule r4 (resp., rs),
objects b;, [ (resp., b;, [;) are sent into membrane 1, changing
the channel state between membrane 1 and the environment to
s”. Note that the instruction /; or [ starts to be simulated only
if the channel state between membrane 2 and membrane 1
is s, where this state appears only at the last step (as we
will see below, the channel state between membrane 2 and
membrane 1 is changed to s at step 9, which is the last step
for simulating an ADD instruction). At the next two steps,
by using rules rg and r; one by one, object b; is sent to
the environment and this object together with object e will
be sent into membrane 1, changing the channel state between
membrane 1 and the environment to s again. At step 9, rule g
is enabled and applied, object b; is sent back to membrane 2,
and the channel state between membrane 2 and membrane 1
is changed from s’ to s. Hence, one copy of object a, is
introduced in membrane 1 (simulating that the number stored
in register r is increased by one), the system starts to simulate
the instruction with label /; or I;. So the instruction /; of M
is correctly simulated by II (see Table III).

e For each SUB instruction /; : (SUB(r), !}, lx) of M,
e we consider the following rules in R;:
o r11: (s, (Bil;, out), s),
ri2 : (s, (Bil], in), "),
riz : (s', (b, out), s"),
rig (57, (b1, in), s"),
ri5: (s”, (lay, out), s,
rig : (s, (b!, our), s,
ri7: (8", (b]1}, out), s"),
rig : (8", (b]l;,in), s),
ro 1 (", (b]lk, in), s),
rao ¢ (s, (B]17, our), s),
ra1: (s, (ble, in), s);
e and we consider the following rules in R :
ra (s, (i, in),s),
ra3 : (s, (B}l out), s"),
rag 1 (57, (b, in),s"),
ras (s, (!, out), s"),
rag: (s, (ble,in),s)
A SUB instruction /; is simulated by system II in the
following way: At step 1, rule ry is used, object /; is
sent into membrane 2, this object together with object b/
will be sent out of this membrane at the next step by
using rule r»3, and the channel state between membrane 2
and membrane 1 is changed to s’. At step 3, rule ry; is
used, object b is sent to the environment, and object /;
will be introduced into membrane 1 at the next step by
using rule ryp, the channel state between membrane 1
and the environment is changed from s to s’. At the next



TABLE III

THE APPLICATION OF RULES IN R AND Ry, THE EVOLUTION OF CHANNEL STATES 5| AND s2, AND THE REWRITING OF MULTISETS M| AND M)
IN MEMBRANES 1 AND 2, RESPECTIVELY, DURING THE SIMULATION OF AN ADD INSTRUCTION /; : (ADD(r), [;, lt), WHERE z IS A MULTISET
OF OBJECTS FROM THE SET {ay, ..., am, e}, AND u(H),v(H), w(H) ARE MULTISETS WHICH CONTAIN EACH b € H,b' € H,b" ¢ H
EXACTLY ONCE, RESPECTIVELY

Step R1 Ro 81 S92 My M2
0 — — s S zU{l;} w(H)Uv(H)Uw(H)U{e*}
1 — rs E E z u(H)Uv(H)Uw(H)U{l;,e*}
2 — r9 s | & zU{l;, b} (w(H) \ {b;}) Uv(H) Uw(H) U {e*
3 Ty — s | & z (w(H) \ {b:}) Uv(H) Uw(H) U {e*
4 ro — s 18 zU{b;,ar} (w(H) \ {b;}) Uv(H) Uw(H) U {e*
5 r3 — s s zU{ar} (w(H) \ {b:}) Uv(H) Uw(H) U {e*
6 raor | — [ s ] ¢ zU{ar,b;,1;} or (w(H) \ {b;i}) Uv(H) Uw(H) U {e*
s zU{ar,bi, i}
7 T6 — | ] § zU{ar, 1} or (w(H)\ {b;}) Uv(H) Uw(H) U {e*}
zU{ar, i}
8 7 — s | ¢ | zU{ar,bi,e, 5} or | (w(H)\{b:}) Uv(H)Uw(H)U {e*}
zU{ar,bi, e, 1}
9 — rio | S s zU{ar,l;} or u(H) Uv(H)Uw(H) U {e*}
zU{ar, 1}
TABLE IV

THE APPLICATION OF RULES IN Ry AND R3, THE EVOLUTION OF CHANNEL STATES s; AND s2, AND THE REWRITING OF MULTISETS M| AND M»
IN MEMBRANES 1 AND 2, RESPECTIVELY, DURING THE SIMULATION OF A SUB INSTRUCTION /; : (SUB(r),lj,lk) WITH REGISTER r NOT

EMPTY, WHERE z, z/ ARE MULTISETS OF OBJECTS FROM THE SET {ay, ..., am},z = Z'ar, AND u(H),v(H), w(H) ARE MULTISETS WHICH
CONTAINEACHD € H,b' € H,b"” € H EXACTLY ONCE, RESPECTIVELY
Step | R1 Ro S1 S2 My Mo

0 — — s s zU{l;} uw(H)Uv(H)Uw(H)U{e*}

1 — | roo s s z u(H)Uv(H)Uw(H)U{l;,e*}

2 — | ro3 s s’ z U {b], l;} u(H)U (v(H) \ {/}) Uw(H) U{e*}
3 11 — s Y z u(H)U (v(H) \ {8/}) Uw(H) U{e*}
4 12 — s’ s’ zU{b, 1T} uw(H)U (w(H)\ {t/}) Uw(H) U {e*}
5 i3 | — s" 1§ zU{l’} uw(H) U (w(H)\ {t/}) Uw(H) U {e*}
6 T4 | — s S zU{OL 07} [ w(H) U wE)\ {0} Uw(H) U {e*}
7 T15 | 24 | 8 | & 2 uw(H) Uv(H) Uw(H) U {7, e*}

3 — | ras | 87T & ZU{o], 17} w(H)Uv(H) U (wEH)\ {7} U{e*}
9 rig | — | 8 | & 27 U{l7} w(H)Uv(H) U (wEH)\ {7 U{e*}
10 s [ = [ 5 [ & [Z 000 07.05F () Ue(I) O () \ {0/ U{e™}
T {20 | = [ 5 [ &1 7007 [ wHUoMU@BN DUl
12 | ro1 | — s s ZU{b] e} [ uw(H) Uv(H)U (w(H)\ {6 U{e*}
13 — [ ree | s s 2" U{l;} u(H)Uv(H) Uw(H)U {e*}

two steps, rules ry3 and r4 are used one by one, one copy
of object llf’ is sent into membrane 1, and the channel state
between membrane 1 and the environment is changed
from s’ to s”. In what follows, we have two cases:

e There is at least one copy of object a, in membrane 1
(corresponding to the fact that the number stored
in register r is greater than 0). In this case, at
step 7, rule rys is enabled and applied, objects [/, a,
are sent to the environment (one copy of object a,
is consumed, simulating that the number stored in
register r is decreased by one), changing the channel
state between membrane 1 and the environment
from s” to s”; simultaneously, objects b;,[] are
sent into membrane 2 by using rule rp4. With the
appearance of object [ in membrane 2, rule rp5 is
used, object b is sent out of membrane 2, which
will be sent to the environment at the next step
by using rule ri¢. Under the influence of channel
state s”” between membrane 1 and the environment,
instruction object /; is sent into membrane 1 by
using rule rig, changing the channel state between
membrane 1 and the environment to s. At step 11,

by applying rule ry, object b} is sent to the envi-
ronment, and this object together with object e will
be sent into membrane 1 at the next step (by using
rule r31). At step 13, rule ry6 is used, object b/ is sent
back to membrane 2, and the channel state between
membrane 2 and membrane 1 is changed from s’ to s.
In this case, one copy of object a, is consumed in
membrane 1, and the system starts to simulate the
instruction /;. Note that only when the channel state
between membrane 2 and membrane 1 is changed
to s, the follow-up instruction /; can be simulated
(see Table IV).

There is no object a, in membrane 1 (corresponding
to the fact that the number stored in register r
is 0). In this case, at step 7, only rule 74 can be
used, objects b;,I!" are sent into membrane 2 and
objects b!, [ will be sent out of this membrane at
the next step by using rule rps. Rule ri7 can be
used when object b appears in membrane 1; this
object together with object I/ will be sent to the
environment at step 9. Under the control of channel
state s” between membrane 1 and the environment,



TABLE V

THE APPLICATION OF RULES IN R AND Ry, THE EVOLUTION OF CHANNEL STATES 5| AND s, AND THE REWRITING OF MULTISETS M| AND M)
IN MEMBRANES | AND 2, RESPECTIVELY, DURING THE SIMULATION OF A SUB INSTRUCTION /; : (SUB(r),[;,l) WITH REGISTER r EMPTY,

WHERE z IS A MULTISET OF OBJECTS FROM THE SET {ay,...,

am}, AND u(H),v(H), w(H) ARE MULTISETS WHICH CONTAIN EACH

be H, b € H b" € HEXACTLY ONCE, RESPECTIVELY

Step | R1 Ra S1 S2 My Mo

0 — — s s zU{l;} w(H)Uv(H)Uw(H)U{e*}

1 — | roa | s S z u(H)Uv(H)Uw(H)U{l;,e*}

2 — |7z | s |8 zU{b, 1;} u(H)U (v(H) \ {o}) Uw(H) U {e*
3 rin | — s | & z u(H)U (v(H) \ {b}) Uw(H) U {e*
4 riz | — s" ] s zU{b, 1 u(H)U (v(H) \ {b}) Uw(H) U {e*
5 riz | — s" ] s zU{ll} u(H)U (v(H) \ {b}) Uw(H) U {e*
6 rig | — [ s [T | 2U{el,IL17 u(H)U (v(H) \ {;}) Uw(H) U {e*
7 — [ roa [ "] ¢ zU{l] uw(H)Uv(H)Uw(H)U{l, e}

8 — | ros | 87 | & [ 20{]UL,17 w(H) Uv(H)U (w(H)\ {p/}) U {e*}
9 rir | — | 7] & zU{ll'} w(H) Uv(H)U (w(H)\ {b/}) U {e*}
10 | m9 | — s | & [ 20{6],17, 1k} | u(H)Uu(H)U (w(H)\ {7} U{e*}
11 | ro0 | — s | & zU{l,} w(H) Uv(H)U (w(H)\ {b/}) U {e*}
12 | ro1 | — s | s [ 20{b] Ik, e} | u(H)Uo(H)U w(H)\{b]}) U{e*}
13 — | e | s E zU{l,} u(H) Uv(H)Uw(H)U{e*}

instruction object [ is sent into membrane 1 by
using rule ri9, changing the channel state between
membrane 1 and the environment to s. Rule rog
can be used at step 11, thus objects b/, are sent
to the environment. At the next two steps, objects
b}, e are sent into membrane 1 by using rule r2; and
then these objects will be sent into membrane 2 by
applying rule o6, changing the channel state between
membrane 2 and membrane 1 from s’ to s. Hence, the
system starts to simulate the instruction /;. Note that
only when the channel state between membrane 2
and membrane 1 is changed to s, the follow-up
instruction /; can be simulated (see Table V).

Hence, the SUB instruction of M is correctly simulated
by system II.

When the object [;, appears in membrane 1, no rule can
be used in the system, and the computation halts. The
number of copies of the object a; in membrane 1 corre-
sponds to the result of the computation, hence N(M)=
N(II).

Theorem 4.6: NO Py (statez, sym3) = NRE.

Proof: We only prove the inclusion NRE C
NO Py (statey, syms). The reverse inclusion follows from
the Church-Turing thesis.

Let us consider a register machine M = (m, H, lo, I, I).
We construct the cell-like P system with channel states
and symport/antiport rules II to simulate the machine M.

H - (F7 K’£5/"9M1,M29S’SSR1,R2, 1),

where

C=fa |1 <i<mULLIITIP]|I e
H} U {e},

K ={s,s'},
E={I",I"|l e H}U{e},
,uz[[ ]2 ]1’

My ={lp)u{l',1" |l e H), My ={I" |1l € H},
and the sets R, Ry of rules are as follows:
e For each ADD instruction /; : (ADD(r), [}, ) of
M, we consider the following rules in Ri:
r1: (s, (i1}, out), s),

ry: (s, ([ljay,in),s),

r3: (s, (Ulkay, in), s).
An ADD instruction [/; is simulated in two steps.
At step 1, objects li,l; are sent to the environment by
using rule r;. At the next step, one of rules  and r3 is
used non-deterministically. By applying rule r, (resp., r3),
objects I/, 1}, a, (resp., I}, Iy, a,) are sent into membrane 1
from the environment. Hence, one copy of object a, is
introduced into membrane 1 (simulating that the number
stored in register r is increased by one), and the system
starts to simulate the instruction with label /; or I;. So
the instruction /; of M is correctly simulated by II.

e For each SUB instruction /; : (SUB(r), [, ;) of M,
e we consider the following rules in R;:

o ra: (s, (lil], out),s),
rs (s, (VP17 in), s),
re @ (s, (lf“a,, out),s'),
r1:(s', A]"1}, out), s"),
rg : (s, (I"II°1Y, out), 5),
ro: (s',(I"lje,in),s),

rio : (s, (I["Ixe, in), s);
and we consider the following rules in R;:
o ri1:(s, (17, in),s"),

riz s (8", ("1, out), s"),

riz: (8", (I"e,in), s)
A SUB instruction /; is simulated by system II in the
following way: At step 1, rule r4 is applied, object I’
is sent to the environment, and this object together with
objects lf“,lf will be sent into membrane 1 at the next
step by using rule r5. In what follows, we have two cases:

e There is at least one copy of object a, in membrane 1
(corresponding to the fact that the number stored
in register r is greater than 0). In this case, at
step 3, rules rg and rq; are enabled; by applying
rule rg, objects lf“,ar are sent to the environment
(one copy of object a, is consumed, simulating that
the number stored in register r is decreased by one),
changing the channel state between membrane 1 and
the environment to s’; by using rule ry1, object I}



TABLE VI

THE APPLICATION OF RULES IN R| AND Rj, THE EVOLUTION OF CHANNEL STATES 5| AND 53, AND THE REWRITING OF MULTISETS M| AND M3 IN

MEMBRANES 1 AND 2, RESPECTIVELY, DURING THE SIMULATION OF A SUB INSTRUCTION/; : (SUB(r), [}, ly) WITH REGISTER r NOT EMPTY,

WHERE 7, 7/ ARE MULTISETS OF OBJECTS FROM THE SET {ay, ..

. am}, 2 = Z'ar, AND u(H),v(H) ARE MULTISETS WHICH CONTAIN

EacH!',!” € H EXACTLY ONCE IN MEMBRANE 1, w(H) IS MULTISET WHICH CONTAINS EACH " € H EXACTLY
ONCE IN MEMBRANE 2

Step R1 Ra S1 S2 My Mo

0 — — s s zU{l;} Uu(H) Uv(H) w(H) U {e*}

1 r4 — s s zUu(H)U () \ {I7'}) w(H) U {e*}

2 rs — s s zUu(H)Uv(H)U{l", 17} w(H) U {e*}

3 re ri1 | 8 | & 2" Uu(H)Uv(H) w(H)U{l?,e*}

4 — rig | 8 | & 2 Uu(H)Uv(H)U{I77,17} (wE)\ {II"}) U{e*}
5 r7 — s s ZTUu(H)Uv(H) (wE)\ {UI"}) U{e*}
6 r9 — s [ 7 | ZUuE) UoH) U1, e} [ (wEH \{"HU{e}
7 ryor | ri3 | s s 27U (w(EH)\{l}}) Uv(H) or w(H) U {e*}

T4 2 Uu(H) U (v(H)\ {I7})

is sent into membrane 2 (the channel state between
membrane 1 and membrane 2 is changed from s to
s"), and this object together with object I!” will be
sent out of this membrane at the next step (by using
rule r12). When object [/ appears in membrane 1, by
using rule r7, object [/ is sent to the environment,
and instruction object /; will be sent into membrane 1
at the next step by applying rule ro; the channel state
between membrane 1 and the environment is changed
to s from s’. At step 7, by using rule r13, object /"
and object e are sent back to membrane 2, and the
channel state between membrane 1 and membrane 2
is changed to s. Note that during the simulation
of a SUB instruction /;, the next (ADD or SUB)
instruction starts to be simulated at step 7, which
does not affect the correctness of the simulation
of the next instruction. In this case, one copy of
object a, is consumed in membrane 1, and the system
starts to simulate the instruction /; (see Table VI).
e There is no object @, in membrane 1 (corresponding
to the fact that the number stored in register r is 0).
In this case, at step 3, only rule rj; can be used,
object [? is sent into membrane 2 (the channel state
between membrane 1 and membrane 2 is changed
from s to s’), and this object together with object /"
will be sent out of this membrane at the next step
(by using rule r13). At step 5, rule rg is enabled; by
using this rule, object [!” is sent to the environment,
and object [, will be sent into membrane 1 at the
next step (by using rule rip). At step 7, by using
rule r13, object [/” and object e are sent back to
membrane 2, and the channel state between mem-
brane 1 and membrane 2 is changed to s. Note that
during the simulation of a SUB instruction /;, the
next (ADD or SUB) instruction starts to be simulated
at step 7, which does not affect the correctness of the
simulation of the next instruction. Hence, the system
starts to simulate the instruction /i (see Table VII).

Hence, the SUB instruction of M is correctly simulated
by system II.

When the object /;, appears in membrane 1, no rule can
be used in the system, and the computation halts. The
number of copies of object a1 in membrane 1 corresponds
to the result of the computation, hence N(M) = N(II).

Theorem 4.7: NO Py(statey, antiz) = NRE.

Proof: We only prove the inclusion NRE C
NO Py(statey, anti3). The reverse inclusion follows from
the Church-Turing thesis.

Let us consider a register machine M = (m, H, lo, Iy, I).
We construct the cell-like P system with channel states
and symport/antiport rules I to simulate the machine M.

H = (F) K,S,IL‘,MI,.Mz,S,S,RI,R2, 1))

where
e I={a; |l <i<myU{LU1I"1I" 1" "|]e
H}U {b},
o K=1(s),
« E=T\{b),
o u=I[[ 1214
o M = {lp}, Mo = {b}, and the sets R, R, of rules

are as follows:
e For each ADD instruction /; : (ADD(r), [}, li) of
M, we consider the following rules in Rj:rq
(s, Ui, out; ljar, in), s),
ry: (s, (i, out; lxay, in), s).
An ADD instruction /; is simulated obviously. One of
rules r; and r, is used non-deterministically. By applying
rule 71 (resp., r2), object /; in membrane 1 is exchanged
with objects [j, a, (resp., Iy, a,) from the environment.
Hence, the system starts to simulate an instruction with
label /; or Ii. Clearly, the instruction /; of M is correctly
simulated by II.
e For each SUB instruction /; : (SUB(r), [, ;) of M,
e we consider the following rules in R;:
r3 1 (s, (i, out; Il7in), s),
ra 2 (s, (ay, out; 1", in), s),
rs 2 (s, (bl!", out; lf“, in),s),
re = (s, (b, out; ll’-’i, in),s),
r7: (s, (7, out; bl in), s),
rg : (s, (lf“ll’.f, out;lj,in),s),
ro : (s, (IP1Y", out; I, in), s);
and we consider the following rules in R;:

rio : (s, (b, out; I, in), s),
it (s, (I, out; 1", in), s),
riz (s, (I, out: I}, in), s),
riz (s, (ll?“‘, out; b,in),s),
rig (s, (7', out; b, in), s)



TABLE VII

THE APPLICATION OF RULES IN R| AND Rj, THE EVOLUTION OF CHANNEL STATES 5| AND s3, AND THE REWRITING OF MULTISETS M| AND M3 IN
MEMBRANES 1 AND 2, RESPECTIVELY, DURING THE SIMULATION OF A SUB INSTRUCTION/; : (SUB(r), I}, ) WITH REGISTER r EMPTY, WHERE

z IS A MULTISET OF OBJECTS FROM THE SET {ay, ..

., am}, AND u(H),v(H) ARE MULTISETS WHICH CONTAIN EACH /', " € H EXACTLY

ONCE IN MEMBRANE 1, w(H) IS MULTISET WHICH CONTAINS EACH I"" ¢ H EXACTLY ONCE IN MEMBRANE 2

A SUB instruction /; is simulated by system II in the
following way: At step 1, by using rule r3, object /; in
membrane 1 is exchanged with objects [/,1/ from the
environment. In what follows, we have two cases:

e There is at least one copy of object a, in mem-
brane 1. In this case, at step 2, rules r4 and rjg are
enabled. By using ry4, objects I/, a, in membrane 1
are sent to the environment (one copy of object a,
is consumed in membrane 1), and object /" is sent
into membrane 1; by using rule rjg, object b in
membrane 2 is exchanged with object /] in mem-
brane 1. At the next step, rule rs is enabled and
used, objects b, [ are sent to the environment, and
object lf“ is sent into membrane 1, which will be
exchanged with object /! in membrane 2 at step 4
(by using rule r11). At step 5, rule r7 is used, object [/
is sent to the environment, and objects b,ll’.’ are
sent into membrane 1. At the next step, by using
rule 13, object b is sent back into membrane 2, and
object ll’.'“ is sent to membrane 1, this object together
with object ll?) will be sent to the environment, and
object /; is sent into membrane 1 by using rule rg at
the next step. In this case, one copy of object a, is
consumed in membrane 1, and the system starts to
simulate the instruction /; (see Table VIII).

e There is no object @, in membrane 1. In this case,
at step 2, only rule rip can be used, object b is sent
into membrane 1, this object together with object ;
will be sent to the environment at the next step;
simultaneously, object lll.’i is sent into membrane 1.
When object l?i appears in membrane 1, rule r1y is
enabled and used, object [/’ is sent into membrane 1,
this object can be exchanged with objects b, ] from
the environment at the next step by applying rule r1o.
At step 6, rule r14 is used, object l;’i is sent out of
membrane 2, object b is sent back to membrane 2.
At step 7, objects lf, lll.’i is sent to the environment,
and object [; is sent into membrane 1 from the
environment by using rule r9. Hence, the system
starts to simulate the instruction /; (see Table IX).

Hence, the SUB instruction of M is correctly simulated
by system II.

Step R1 Ra S1 ED) My Mo
0 — — E E zU{l;} Uu(H) Uv(H) w(H) U {e*}
1 T4 — s s zUu(H)U (wE )\ {I'D) w(H)U {e*}
2 5 — s s zUu(H)Uv(H)U {1} w(H) U {e*}
3 — ri1 | s | § zUu(H)Uv(H)U{l¥} w(H)U{lY,e*}
4 — ri2 | s | s | zUu(H)Uo(H)U{L", 0,00} | (w(H)\{I7"}) U{e*}
5 T8 — s | & zUu(H)Uv(H) (wHE)\{"H u{e}
6 10 — s | & zUu(H)Uo(H)U{l7 I, e} | (wE\{I"HU{e*}
7 rior | riz | s s zU (u(H)\ {I;.}) Uv(H) or w(H) U {e*}
"y 2 Uu(H) U (50 \ {14)
TABLE VIII

THE APPLICATION OF RULES IN R| AND R», THE EVOLUTION OF CHAN-
NEL STATES s1 AND s3, AND THE REWRITING OF MULTISETS M
AND M5 IN MEMBRANES 1 AND 2, RESPECTIVELY, DURING THE
SIMULATION OF A SUB INSTRUCTION/; : (SUB(r), [}, [) WITH
REGISTER r NOT EMPTY, WHERE 7, 7/ ARE MULTISETS OF
OBIECTS FROM THE SET {ay, ..., am}, 2 = 7 ar

Step R1 Ra S1 S92 My Mo
0 — — E 5 zU{l;} {b}
1 r3 — s s zU{L, 17} {b}
2 ry | rio | S s ZU{l7 0} | {7}
3 rs — s s Zu{lr} {U/}
4 r11 s s 2" u{l} {7}
5 r7 — s s 2" U{b, 1V} {i*"}
6 — | rma3 | s s | Zu{lr vy {b}
7 r8 — s s 2’ U{l;} {v}

TABLE IX

THE APPLICATION OF RULES IN R| AND R,, THE EVOLUTION OF CHAN-
NEL STATES s; AND sp, AND THE REWRITING OF MULTISETS M
AND M7 IN MEMBRANES 1 AND 2, RESPECTIVELY, DURING THE
SIMULATION OF A SUB INSTRUCTION/; : (SUB(r), [}, [x) WITH
REGISTER r EMPTY, WHERE z IS A MULTISET OF OBJECTS

FROM THE SET {ay, ..., amn}

Step | R1 | R2 | s | s My Mo
0 — — | s|s zU{l;} {b}
1 r3 — s s ] 20{l,17 {b}
2 — | rio|s]s zU{b, I} {I7}
3 re | — | s|[s | =zu{l?} {7}
4 — ri2 | s | s zU{l} {1¥*}
5 r7 — | s | s | zu{bl¥} | {7}
6 — [ m4 | s | s | z20{17,017" {b}
7 ) — | s|s zU{l} {b}

When the object /;, appears in membrane 1, no rule can
be used in the system, and the computation halts. The
number of copies of object @1 in membrane 1 corresponds
to the result of the computation, hence N(M) = N(II).
Theorem 4.8: NO Py (states, sym, anti;) = NRE.
Proof: We only prove the inclusion NRE C

NO Py(state3, symy,antiz). The reverse inclusion fol-
lows from the Church-Turing thesis.

Let us consider a register machine M = (m, H, ly, I, I).
We construct the cell-like P system with channel states
and symport/antiport rules II to simulate the machine M.

H = (F) Kﬁgﬁﬂ)MlﬁMzﬁsﬁs)Rl)Rz) 1))



TABLE X

THE APPLICATION OF RULES IN R| AND Rj, THE EVOLUTION OF CHANNEL STATES 5| AND s3, AND THE REWRITING OF MULTISETS M| AND M3 IN
MEMBRANES 1 AND 2, RESPECTIVELY, DURING THE SIMULATION OF AN ADD INSTRUCTION /; : (ADD(r), lj,lx), WHERE z Is A MULTISET OF

OBJECTS FROM THE SET {ay, . .

.»am}, AND u(H),v(H) ARE MULTISETS WHICH CONTAIN EACHb € H,b' € H

EXACTLY ONCE, RESPECTIVELY

Step R1 Ro S1 EP) Ml MQ

0 — — s s zU{l;} u(H) Uv(H)

1 — 6 s s zU{b;} {LYU (w(H)\ {b:}) Uv(H)

2 r1 rr | s | & zU{ar,l;} (w(H)\ {b:}) Uv(H)

3 ro — s | & zU{ar, I} (w(H) \ {b:}) Uv(H)

4 r3 — [ &8 | z0{bi,ar,l} (w(H)\ {b:}) Uv(H)

5 rqor | rg s s | zU{ar,lj} or w(H)Uv(H)

rs zU{ar, i}
where ri1: (s', (i, out), s’),

° Fz{ai | 1§i§m}U{b,b’,l,l’,l”|b,l€H}, r12Z(S,(li,OMl‘;bl{,in),S”),
o K ={s,5,5"), riz: (s', (I7, out; 1}, in), s),
e E={aj|1<i<m)U{l,l',l"|leH), rig s (8", (1}, out; Iy, in), s);
e n=1[[ 1,11 e and we consider the following rules in R:

o My ={lp}, My ={b,b" | b e H},
and the sets R, R, of rules are as follows:

e For each ADD instruction /; : (ADD(r), , lx) of M,
e we consider the following rules in Rj:
r : (s, (b, out; a,,in),s’),
ra: (s, (i, out; I, in), s),
r3: (s, (bi,in),s’),
rg 1 (s', (I, out; 1j,in), s),
rs: (s', (I, out; Iy, in), s);
e and we consider the following rules in Rj:
re . (s, (bi,out; l;,in),s),
r7: (s, (i, out),s’),
rg : (s, (b;,in),s)
An ADD instruction /; is simulated by system II in the
following way: At step 1, rule r¢ is used, object b; is sent out
of membrane 2. Subsequently, it is sent to the environment
and one copy of object a, is sent into membrane 1 by using
rule r1 (changing the channel state between membrane 1 and
the environment to s’); simultaneously, object /; is sent into
membrane 2, which will be sent out of this membrane at
step 2 by applying rule 77 (changing the channel state between
membrane 2 and membrane 1 to s’). Under the control of
channel state s’ between membrane 1 and the environment,
rule r7 is used, object /] is sent into membrane 1, changing the
channel state to s, so rule r3 is enabled and applied, object b;
is sent into membrane 1, changing the channel state between
membrane 1 and the environment from s to s’. At step 5, one of
sets of rules {r4, rg} and {rs, rg} is used non-deterministically.
By applying rule r4 (resp., rs5), instruction object /; (resp., )
is sent into membrane 1, changing the channel state between
membrane 1 and the environment to s; by using rule rg,
object b; is sent back to membrane 2, the channel state
between membrane 2 and membrane 1 is changed from s’
to s. Hence, the system starts to simulate the instruction with
label /; or [;. So the instruction /; of M is correctly simulated
by II (see Table X).

e For each SUB instruction /; : (SUB(r), [}, lx) of M,

e we consider the following rules in R :
ro : (s, (b}, out:; 1, in),s),
rio : (s, (ar, out; b}, in), s"),

ris : (s, (b], out; I, in), s),
ri6 : (s, (i, out; 1, in), s),
r17: (s, (I, our), s,

rig: (s, (b, in), s)

A SUB instruction /; is simulated by system II in the
following way: At step 1, rule rj5 is used, object /; is sent
into membrane 2, and object b; is sent to membrane 1, which
will be exchanged with object /" from the environment at the
next step (by using rule rg). In what follows, we have two
cases:

e There is at least one copy of object a, in membrane 1.
In this case, at step 3, rule rq¢ is enabled and applied,
one copy of object a, is sent to the environment (one
copy of object a, in membrane 1 is consumed), and
object b; is sent into membrane 1, changing the channel
state between membrane 1 and the environment from s to
s’; simultaneously, by applying rule rig, object I; is sent
out of membrane 2, which will be sent to the environment
at the next step; and object l;’ is sent into membrane 2,
which will be sent out of this membrane at step 4
by applying rule ri7 (which changes the channel state
between membrane 2 and membrane 1 to s’). Rule 3
can be used at step 5, instruction object /; is sent into
membrane 1, changing the channel state between mem-
brane 1 and the environment to s; by applying rule rqg,
object b; is sent back to membrane 2, and the channel
state between membrane 2 and membrane 1 is changed
to s. In this case, one copy of object a, is consumed
in membrane 1, and the system starts to simulate the
instruction /; (see Table XI).

e There is no object @, in membrane 1. In this case, at
step 3, only rule rjg can be used, object /; is sent to
membrane 1, which will be exchanged with object b;
from the environment at the next step by using rule ri»
(the channel state between membrane 1 and the envi-
ronment is changed to s”); and object [ is sent into
membrane 2, which will be sent out of this membrane
at step 4 by using rule r;7 (which changes the channel
state between membrane 2 and membrane 1 to s’). Note
that at the first step for simulating a SUB instruction,
there is no object blf in the environment, hence rule rja



TABLE XI
THE APPLICATION OF RULES IN R| AND Rj, THE EVOLUTION OF CHANNEL STATES 5| AND 53, AND THE REWRITING OF MULTISETS M| AND M3 IN

MEMBRANES 1 AND 2, RESPECTIVELY, DURING THE SIMULATION OF A SUB INSTRUCTION /;
,am}, 2 = z'ar, AND u(H),v(H) ARE MULTISETS WHICH CONTAIN

WHERE 7, 7/ ARE MULTISETS OF OBJECTS FROM THE SET {ay, ...

: (SUB(r), 1j,lx) WITH REGISTER r NOT EMPTY,

EACHb € H,b' € H EXACTLY ONCE, RESPECTIVELY

Step | R1 Ra S1 S92 My Mo

0 — — s s zU{l;} u(H) Uv(H)

1 — | ris | s | s zU {0} uw(H) U wE\{pIHU{l;
2 r9 — s | s zU{l;’} uw(H) U wE\{p;HU{l;
3 rio | Ti6 | S | S z u{ol,l;} | wH)UE)\{p.H)u{ly
4 ri1 | Ti7 | 8 | 8 | 2 U{b;,l;’ uw(H)U (w(H)\ {B})

5 ri3 | ri8 | s s 2" U{l;} u(H) Uv(H)

TABLE XII

THE APPLICATION OF RULES IN R| AND Rj, THE EVOLUTION OF CHANNEL STATES 5| AND s3, AND THE REWRITING OF MULTISETS M| AND M3 IN

MEMBRANES 1 AND 2, RESPECTIVELY, DURING THE SIMULATION OF A SUB INSTRUCTION/;

: (SUB(r), 1}, ) WITH REGISTER r EMPTY, WHERE

z IS A MULTISET OF OBJECTS FROM THE SET {ay, ..., an}
Step | R1 Ra S1 S92 My Mo

0 — — S s zU{l;} w(H)Uv(H

1 — | r5 | s s zU{bl} uw(H)U (v(H) \ {8} U {lLi
2 r9 — s s zU{l'} u(H) U (v(H )\{b’ )U{l;
3 — | re | s S zU{l;} u(H )U(U(H)\{b/})u 4
4 rig | riz | 87 | 8T [ zUu {17 u(H)U (v(H) \ {8[})

5 r4 | T8 s s zU{lp} w(H)Uv(H)

cannot be used. At step 5, rule r14 is enabled and used,
instruction object /; is sent into membrane 1, changing
the state between membrane 1 and the environment to s;
by using rule rg, object b. is sent back to membrane 2,
changing the state between membrane 2 and membrane 1
to s. Hence, the system starts to simulate the instruction
Ix (see Table XII).

Hence, the SUB instruction of M is correctly simulated by
system II.

When the object /;, appears in membrane 1, no rule can be
used in the system, and the computation halts. The number of
copies of object a; in membrane 1 corresponds to the result
of the computation, hence N(M) = N(II).

V. CONCLUSIONS AND DISCUSSIONS

In this work, states associated with the communication chan-
nels are considered in the framework of cell-like P systems
with symport/antiport rules, and the computational power of
such P systems has been investigated. Specifically, we have
proved that cell-like P systems with two states and only using
uniport rules, or with any number of states and only using
antiport rules of length two, are able to compute only finite
sets of non-negative integers. We further proved that cell-like
P systems with two membranes are Turing universal when
having any number of states and only uniport rules, or four
states and only symport rules of length two, or two states
and only symport rules of length three, or one state and only
antiport rules of length three, or three states and uniport rules
and antiport rules of length two.

The number of cells, the number of states and the length
of communication rules were taken for the descriptional
complexity of cell-like P systems with channel states and
symport/antiport rules. In Theorem 4.3, it was proved that
cell-like P systems with one membrane are able to characterize
the family of sets of positive integers generated by matrix

grammars without appearance checking when having one state,
and using antiport rules of length 4 or any number of states and
using symport rules of length 1 and antiport rules of length 2.
It is interesting to optimize the number of states or the length
of communication rules used in Theorem 4.3.

The rules of the P systems constructed in Section IV are
used in a sequential way. It remains open whether cell-like
P systems with channel states and symport/antiport rules have
the same computational power that use rules in other strategies,
for instance, asynchronous (an enabled rule can evolve or
not) [30]-[32], time-free (a P system that generates the same
family of natural numbers, independently from the value
assigned to the execution time of each rule) [33]-[35].

The descriptional complexity of P systems with sym-
port/antiport rules with respect to the number of objects was
considered in [18], [36], [37]. It is of interest to construct
universal cell-like P systems with channel states and sym-
port/antiport rules with a small number of objects.

The computational efficiency of P systems with sym-
port/antiport rules and membrane division has been considered
n [38]-[40], where membrane division provides a way to
obtain exponential membranes in linear time. It would be
interesting to introduce a variant of cell-like P systems with
symport/antiport rules that can have exponential channel states
in linear time, thus solving NP-complete problems by using
the exponential channel states instead of the exponential
membranes generated by membrane division.

The length of symport/antiport rules is one of the essential
parameters for the computational power, which has already
been investigated in tissue-like P systems with cell separation
and cell-like P systems with symport/antiport rules and mem-
brane separation [41]-[44]. It remains open whether cell-like
P systems with channel states and membrane separation can
solve NP-complete problems if rules are used in a sequential
way. If the answer is negative, it is interesting to give a
characterization of tractability as in [45], [46].



Recently, time-free solutions to NP-complete problems by
various P systems have been investigated [47]-[50]. It is
of interest to investigate whether we can construct cell-like
P systems with channel states and membrane division (or
membrane separation) to solve NP-complete problems in the
context of time-freeness.
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