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Abstract

In this paper we describe and formally specify a mechanism, inspired from chemical
reactions in the cell biology, which controls computations in general P systems using
inhibiting/de-inhibiting rules. We also investigate the computational universality of
such rules in both generative and accepting P systems. In each case, the computational
universality is obtained by using one single membrane.

1 Introduction

P systems represent a class of distributed/parallel computing devices whose functioning is
inspired from the behavior of living cells. There, chemical compounds are processed in a
massive parallel manner inside a compartmental structure of membranes that control the
substances exchanges between regions they delimit. The reactions that take place inside
such a biological structure can be formally described by cooperative rules.

In cell biology it is known that many reactions in the cell are catalyzed by the presence
of associated enzyme. On the other hand, in bacteria, the enzymes (protein) can be
activated/inactivated during the cellular process (in other words, an inactivated enzyme
is not able to catalyze the corresponding reaction).

One particular case is that of promoted/inhibited reactions that happen in the pres-
ence/absence of certain chemicals which are not directly implied in reactions. P systems
with promoters/inhibitors at the level of rules were investigated in [4] and [7]. In the case
of promoters, the rules (reactions) are possible only in the presence of certain symbols.
An object a is a promoter for a rule u — v, and we denote this by u — v|q, if the rule is
active only in the presence of object a. An object b is an inhibitor for a rule 4 — v, and
we denote this by u — v|—p, if the rule is active only if inhibitor b is not present in the
region. In particular, promoters/inhibitors themselves can evolve according to some rules.

Another possibility is to consider biological signals processed by cells. Signals can
arise from inside the cell or from the external environment and the correct answer to
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certain signals is essential for bacteria to survive in a certain environment. In bacteria,
the enzyme activation/inactivation, as well as other important process, are controlled by
covalent modification of proteins. We refer for biological motivations to the signals-based
P systems introduced in [2], which use symbol-objects (chemical substances) and chemical
reactions (evolution rules) present in the regions. The symbol-objects evolve using the
evolution rules but they cannot be moved, while the rules present in the regions can be
activated/deactivated using signals called signal-promoters. The signal-promoters do not
participate in any evolution rule but they are able to move around the regions of the system.
In other words, the SB P systems are similar to the classical P systems using promoters but
with two restrictions: the symbol-objects cannot be moved and signal-promoters cannot
be created but only moved across the membranes. Signaling rules are simple evolution
rules, promoted by some signal-promoter p. When a signaling rule a — v|,,,, is applied,
the object a is transformed into the objects specified by v and the promoter p is sent into
the (adjacent) region specified by tar.

We also mention the related concept of P systems with creation of evolution rules
during the computation. A set R,,s of all possible rules, injectively labeled by the elements
of a set lab is given; the rules associated with a membrane i will be of the form r : u — v/z,
for r € lab,z € lab*. The meaning of r : u — v/z is that after using this rule, a
copy of r is consumed, and all rules indicated by z become available in membrane 3.
Consuming/creation of rules can be seen as a way of controlling the next rule to be used,
as in programmed grammars. More details are present in [3].

In this paper we introduce the concept of inhibiting/de-inhibiting rules in P systems.
An inhibited rules is formally written as r : —=(u — v), and the meaning is that the
rule cannot be applied, more precisely u cannot evolve to v. An evolution rule can de-
inhibit an inhibited rule allowing it to apply. To this aim, we also consider rules of the
form r; : (u — v)~(r1)--- (), which says that u evolves into v and the rules r1,---, 7%
are inhibited or de-inhibited according to the previous state of each rule. Here rules
rj,1 < j <k, are any kind of developmental rules. Evolution rule itself can be a deletion
rule, and then we denote it by r; : u — A=(r1) - - - =(rg)-

The proposing mechanism can be more general and powerful than the standard acti-
vating/deactivating computations in P systems such as promoter/inhibitor, creation rules
during the computation as well as signal based systems. In other words, the mentioned
classes could be simulated by inhibiting/de-inhibiting rules in P systems.

We introduce the formal definition of P Systems with inhibiting/de-inhibiting rules and
we explore the computational power of the systems with context-free and inhibiting/de-
inhibiting rules. Both generative and accepting cases will be studied here.

2 Preliminaries

2.1 P Systems Prerequisites

A P system (of degree m > 1) with symbol-objects and multiset rewriting rules is a
construct

II = (O,C,u,’wl,...,wm,Rl,...,Rm,io),
where:

e (O is the alphabet of II; its elements are called objects;

e C C O is the set of catalysts;
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e 4 is a membrane structure consisting of m membranes labeled 1,2, ---,m;

e w;, 1 <1 < m, specify the multisets of objects present in the corresponding regions
1 at the beginning of a computation;

e R;, 1 < i < m, are finite sets of evolution rules over O associated with the regions
1,2,...,m of u; these evolution rules are of the form a — v or ca — cv, where a is
an object from O — C and v is a string over

(O = C) x ({here,out,in})

(in general, the target indications here, out, in are written as subscripts of objects
from O);

e ip is a number between 0 and m and specifies the output membrane of I (in case of
0, the environment is used for the output).

A P system with the mentioned features starts to evolve from an initial configuration,
by performing all operations in a parallel way, for all applicable rules, for all occurrences
of objects in the region associated with the rules, for all regions at the same time, and
according to a universal clock.

In this way, one gets transitions between the configurations of the system. A sequence
of transitions is called a computation. A computation is halting, if no rule is applicable
in any region (nothing can happen anymore). A computation is halting if it reaches a
halting configuration. We consider only halting computations. The result of a (halting)
computation is the number of objects present in the region 4y in the halting configuration.
The set of all numbers constructed in this way by a system II is denoted by N(II). For
such kind of P systems we will use the notation

NOP,,(a),a € {ncoo, coo} U {caty | k > 0}.

to denote the family of sets of natural numbers generated by P systems with at most
m membranes, evolution rules that can be non-cooperative (ncoo), cooperative (coo), or
catalytic (caty), using at most k catalysts.

Also, we may consider as the result of a halting computation the vector ¥(w) (the
vector of multiplicities of objects) where w is the multiset present in the region iy in the
halting configuration. In this case, the set of all vectors constructed in this way by a
system IT is denoted by Ps(II).

For the basics of formal language theory we refer the reader to [11]. In short, O*
denote the set of all strings over the alphabet O. For a € O and z € O* we denote by
|z|, the number of occurrences of a in z. Then, for O = {a1,---,ay}, the Parikh mapping
associated with O is the mapping on O* defined by ¥,y = (|T|ay,**,|7le,) for each
z € O*. The family of recursively enumerable languages is denoted by RFE, and the
Parikh images of RE languages is denoted by PsRE (this is the family of all recursively
enumerable sets of vectors of natural numbers). The family of all recursively enumerable
sets of natural numbers is denoted by NRE.

The multisets over a given finite support (alphabet) are represented by strings of
symbols. The order of symbols does not matter, because the number of copies of an
object in a multiset is given by the number of occurrences of the corresponding symbol in
the string. Clearly, using strings is only one of many ways to specify multisets.
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2.2 Matrix Grammars

We recall here the notion of matrix grammar because we will use in the paper the character-
ization of recursively enumerable languages by means of matriz grammar with appearance

checking.
Such a grammar is a construct G = (N, T, S, M, F'), where N, T are disjoint alphabets,
S € N, M is a finite set of sequences of the form (A; — z1, ..., Ap = x,), n > 1, of

context-free rules over N UT (with A; € N,z; € (N UT)*, in all cases), and F is a set of
occurrences of rules in M (N is the nonterminal alphabet, T is the terminal alphabet, S
is the axiom, while the elements of M are called matrices).

For w,z € (NUT)* we write w => z if there is a matrix (4; = z1, ..., 4, = z,) in
M and the strings w; € (NUT)*, 1 <4 <n+ 1, such that w = wy, 2 = wy41, and, for all
1 <4 < m, either w; = wiA;w!, wip1 = wiz;wl, for some w}, w € (NUT)*, or w; = wjy1,
A; does not appear in w;, and the rule A; — z; appears in F. (The rules of a matrix are
applied in order, possibly skipping the rules in F' if they cannot be applied — therefore we
say that these rules are applied in the appearance checking mode.) If the set F' is empty,
then the grammar is said to be without appearance checking.

The language generated by G is defined by L(G) = {w € T* | S =* w}. The family
of languages of this form is denoted by M AT,.. It is known that CF C M AT C M AT,. =
RE,NREG = NCF = NMAT C NCS (for instance, the one-letter languages in M AT
are known to be regular.).

A matrix grammar G = (N,T,S, M, F) is said to be in the binary normal form if
N = N1 UNyU{S,#}, with these three sets mutually disjoint, and the matrices in M are
in one of the following forms:

1 S—)XA),WithXENl,AENQ,

2 X—)Y,A—)I),WithX,YENl,AEN2,$€(NQUT)*,|£L‘|S2,

- (
- (

3. (X »Y,A— #), with X,Y € Nj,A € Ny,
- (

4. (X > N A— x),with X € Nj,A € Ny, and z € T*,|z| < 2.

Moreover, there is only one matrix of type 1 (that is why one uses to write it in the form
(S = XinitAinit), in order to fix the symbols X, A present in it), and F consists exactly
of all rules A — # appearing in matrices of type 3; # is a trap-symbol, because once
introduced, it is never removed. A matrix of type 4 is used only once, in the last step of
a derivation.

For each matrix grammar there is an equivalent matrix grammar in the binary normal
form. Details can be found in [6].

2.3 Register Machines

We will also use in our paper the register machines [8], that is why we recall here this
notion. Such a machine runs a program consisting of numbered instructions of several
simple types. Several variants of register machines were shown to be computationally
universal.

A n-register machine is a construct M = (n, P,i,h), where:

e 7 is the number of registers,
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e P is a set of labeled instructions of the form j : (op(r),k,l), where op(r) is an
operation on register r of M, and j,k,l are labels from the set Lab(M) (which
numbers the instructions in a one-to-one manner),

e ; is the initial label, and
e h is the final label.

The machine is capable of the following instructions:

(add(r),k,1) : Add one to the contents of register r and proceed to instruction & or to
instruction [; in the deterministic variants usually considered in the literature we demand
k=1

(sub(r), k,1) : If register r is not empty, then subtract one from its contents and go to
instruction k, otherwise proceed to instruction /.

halt : This instruction stops the machine. This additional instruction can only be
assigned to the final label h.

A deterministic m-register machine can analyze an input (n1,...,n,) € N§ in registers
1 to «, which is recognized if the register machine finally stops by the halt instruction
with all its registers being empty (this last requirement is not necessary). If the machine
does not halt then the analysis was not successful.

3 Inhibiting/De-Inhibiting Rules in P Systems

A P system with inhibiting/de-inhibiting rules (in short, an ID P system), of degree m > 1,
is a construct
o= (OacaHauawla' . awm,Rla"' aRm’iO)a

where:

e m > 1 is the degree of the system;

O is the alphabet of objects;

e (' C O is the set of catalysts;

To each rule in R = Ry URy ---U R, is associated an unique label. The set of all
labels is H = {rq,- -+, }. We denote ~H = {-r; | r; € H};

e 4 is a membrane structure, consisting of m membranes, labeled 1,2, -, m;

e wi,..., Wy, are strings over O, describing the multisets of objects placed in the m
regions of y;

R; is a finite set of developmental rules, associated with region ¢. The rules in
R; are of the forms: 7; : =(a — w)S or r; : (a — w)S where r; € Hya € O,w €

1p is the output region.
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Note that we consider here only non-cooperative rules.

A configuration of an ID P system is described by using the m-tuple of multisets of
objects, present in the m regions of the system. To each region a finite number of objects
is associated together with a finite number of rules. The m-tuple (wy,ws,- -, wy,) is the
initial configuration of the system. Some of the rules are initially inhibited (if the symbol
— is written immediately before the rule). A transition between two configurations is
governed by the application in a non-deterministic and maximally parallel way of the
rules that are not inhibited.

When a rule 7; : (a — w)S is applied the object a is rewritten with the objects in w
(as in standard P systems) and the rules from S are de-inhibited (if they were inhibited)
or inhibited (if they were de-inhibited).

A sequence of configurations is called a computation. The system continues in parallel
steps until there remain no applicable rules in any region of the system. Then the system
halts (the computation is successful) and we consider the number of objects contained in
the output region iy as the result of the computation.

We use the notation

PsIDy,(a), o € {ncoo} U {caty | k > 0},

to denote the family of sets of vectors of natural numbers generated by ID P systems with
at most m membranes, evolution rules that can be non-cooperative (ncoo), or catalytic
(caty), using at most k catalysts (as usual, x indicates that the corresponding number is
not bounded).

4 An Example

We now illustrate the definitions from the previous section with an example.
Let us construct an ID P system of degree 1,

= (A&,(D, {T13T27T3}5 [ ]pAaRa ]-)a
where:
e R={r1:A— AA,ry: A— AA=(r1)~(re)=(r3), r3: —(A — a)},

When the computation starts in the initial configuration with the object A in the region,
the rules 1 or 9 can be applied but the rule r3 cannot be applied since it is inhibited. We
use the rule ry m—1 times and then we apply the rule r5. Then we produce 2™ copies object
A, simultaneously the rules r; and 7y are inhibited (so they cannot be used any more),
and the rule 73 is de-inhibited. We have used context-free and inhibiting/de-inhibiting
rules to obtain a?”, hence

PsIDP(ncoo) = {2™ | m > 1}
which is not in PsCF.

5 Universality Results
5.1 The Generative Case

Here, we present an universality result of P systems with inhibiting/de-inhibiting rules.
The proof is based on the simulations of matrix grammar with appearance checking.
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Theorem 5.1 PsIDP;(cat;) = PsRE.

Proof. Consider a matrix grammar G = (N, T, S, M, F') with appearance checking, in the
binary normal form, hence with N = N; U Ny U{S,#} and with the matrices introduced
in the section 2.2 (the four forms). Assume that all matrices are labeled in an injective
manner with m;,1 < i < n, and each terminal matrix (X — A\, A — z) is replaced by
(X = f,A— z), where f is a new symbol.

We construct the P system of degree 1,

n = (0,C,H,[],,wi,R,ig), where:
H = {ri|1<i<10},

O = N UTUN,U{p,d,f,#},
¢ = {c},

w1 = pXinitAinit,

io = 0.

and the set R containing the following rules:

e The simulation of a matrix m; : (X; — Y;, A; — x;), with X; € N1,Y; € Ny U
{f},Ai € No,z; € (NoUT)*,|z;| <2,1<4 <7, is done in 3 steps using the next
rules:
r1:p = ~(r2)=(rs),
ro : =(cX; — cYj),
r3 : —(cA; — cx;d),

T4 :d — p.

The execution of rule r; de-inhibits rules ro and r3. In the next step, rules o and r3 are
applied freely. We have used catalyst c in order to inhibit the parallelism. One can notice
that rule 3 introduces an object d which is used in rule r4 (the last step) to iterate the
process.

e The simulation of a matrix m; : (X; — Y;, A; — #), with X;,Y; € Ny and A; € Ny,
j+ 1< i< n,is done also in 3 steps, using the next rules:
rs :p — (re)(r7),
re : —(cX; — cYid),
r7ot _‘(Az' — #),
rg :d — p.

The purpose of rule 75 is to de-inhibit the inhibited rules r¢ and r7. Then rules rg and
r7 can perform freely in the next step of the computation. If any copy of an object A; is
present, then it introduces the trap-object # and the computation never stops. If no A;
is present, then object d, which was introduced by rule rg, is rewritten in the auxiliary
object p, to iterate the procedure.

R also contains the following rules:

r9 : a — (a,out),

710 - # — #
The equality ¥ (L(G)) = PsIDP,(II) easily follows from the above explanations. O
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5.2 The Accepting Case

The following theorem illustrates the computational universality (in its accepting variant)
of P systems with object rewriting non-cooperative rules and inhibiting/de-inhibiting rules.
The systems we propose simulates the moves of deterministic register machines. Moreover,
the P systems obtained are also deterministic.

Theorem 5.2 PsIDP;(cat;) = PsRE.

Proof. In order to prove this assertion we will simulate an n-register machine M =
(n,P,i,h). At each time during the computation, the current contents of register r is
represented by the multiplicity of the object a..

Formally, we define the P system of degree 1,

In = (0,C,H,[]1,w1,R,ip), where:

o = {a,S5,5.,8 8" |1<r<n}U{F}
U{lk, e | lg : (add(r),l;,l;) € P}
U{lg, e e | I - (sub(r),l;,1;) € P},

C = {c},

H = {r|1<i<13),
w; = {e,af".1<r<nk €N},
19 = 0.

and R is defined as follows:

e for each instruction Iy : (add(r),l;,1;) € P, we add to R the rules:

r ol — Sy,
ro : Sp — age,
ry:e —I;,

e for each instruction Iy : (sub(r),l;,l;) € P, we add to R the rules:

T4 : lp — €Sy,
rs:e — €,

!
r6 = Sp — S,.—(r7),
r7: =(car — cF),

rg: 8, — S,

rg: F — —|(T7)—|(T12),
710 : S;I — S;”,

T11 : S,,’«" — —|(r13),
r19 : —|(e' — li),

713 : —1(6/ — lj)

The system works as following. Initially the P system starts the computation having

in its input region the objects a’fl, ---,ak" and the label i of the first instruction of the
register machine we want to simulate. The vector (ki,---,ky) represents the vector that

has to be accepted by our P system.
The P system starts the computation by simulating the first instruction of the register
machine program. Let us suppose that the current instruction to be executed is of type
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(I : add(r),l;,l;) € P. Then, the rule [, — S, is executed. The object S, indicates
that the number of objects a, has to be incremented. This will be realized, in the second
computational step, by the evolution rule S, — a,e. Next rule rs is executed, rule ro
inhibited, and the operation allows our P system to further simulate the instruction of the
register machine indicated by label [;.

If a subtraction instruction (I : sub(r),l;,l;) € P is simulated then the rule I, — eS,
is executed. The object S, is used to de-inhibit rule r7, and to produce object S, in rule
r6, while the object e evolves into €’. In the next step, if the number of objects a, in
register r is greater than 0, then the execution of the de-inhibited rule ca, — cF' decreases
the number of objects a, by 1, and produces object F' for the next step. We have used the
catalyst ¢ in order to inhibit the parallelism (because more copies of a, might be present
in the membrane). Meanwhile, the object S evolves into S as showed in rule 5. The
object F' used in rule rg to inhibit the de-inhibited rule —r7; guarantees that only one
object a, was deleted, and the inhibited rule can not apply any further at this stage. The
rule 79 is also de-inhibited by the execution of the rule rg9. In this way we generate the
label /; of the next register machine instruction. Otherwise (i.e., if there is no object a, in
region) the rule a, — F' is not executed, therefore the object F' is not produced and rule
r9 cannot be applied. On the other hand, object S/ evolves into S by the execution of
rule 719 and at the next step S;" de-inhibits rule 713, so e’ evolves to label [;. The object €
still appears, because rule 19 did not apply in the previous steps, so rule r13 can generate
label /; of the next register machine instruction.

The simulations of the instructions which were presented above, lx(add(r),l;,l;) € P
and i (sub(r),l;,1;) € P, are iterated according to the register machine program. The
simulation stops when label h (which stands for halt instruction) is generated and no
other objects a,, 1 < r < n, are in region 1.

a

6 Conclusion

In this paper, we have considered a mechanism of chemical reactions in the cell biology,
which is used to control the computation steps in P systems by inhibiting/de-inhibiting
their general rules. We have inhibited/de-inhibited only the evolution rules. In general,
all types of rules can be inhibited/de-inhibited in P systems. Moreover, the mechanism
could be used in neural-like P systems to excite/inhibit impulses transmitted through the
neural cell.

The following problems are expecting future work: direct simulations of P systems
with promoters/inhibitors, signals, creation of rules during a computation. P systems
with active membranes could also use this mechanism.
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