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Abstract

We present a model of P system that computes without the help of the
universal clock. Deterministic computational universality is obtain even when
“low-sensitive” components are used (non-cooperative rules with promoters and
one catalyst).

1 Introduction

Reflected on the rapid advances in microelectronics and computer technology, biol-
ogy and medical technology, as well as in many other domains, the field of digital
signal processing is one of the emerging fields in computer science.

Contemporary signal processing is more likely to involve discrete-time signals
than continuous-time signals. In general, for a classical computational device, in-
stead of time continuum, a discrete clock globally regulates the computation. Signals
have values at the discrete clock ticks, but not in between. In literature is known
that multirate systems involve multiple clocks, but with clear relationships among
them, so that ticks in the multiple clocks can be unambiguously associated.

However, signal processing has its intellectual roots in circuit theory. We know
also that algorithms tend to be modeled as compositions of components that con-
ceptually operate concurrently and communicate via signals that are functions of
time. The components are typically filters, which transform the input signals to
construct output signals.

Components can resides on the same computational device or may exists a dis-
tribution of components on a graph structure for instance (in particular a tree struc-
ture); these components exchange signals based on certain events that occur. Tra-
ditionally, the signals are continuous functions of the time continuum.

Independently from above considerations, and having as objective a new, bio-
inspired, computational paradigm, Gheorghe Piun has proposed the field of mem-
brane computing. The formal model of a cell with its underlying tree structure of
embedded vesicles (components in a sense) was intended to be regulated by an uni-
versal discrete clock - in this respect, running processes (which model bio-chemical
reactions) in the same or in different regions can be synchronized in an intuitive
manner.
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The limitation of the knowledge about the biology of living cells made the ad-
vances in the bio-mathematics/bio-informatics to be rather slow. The formal models
created lately were chosen to be as much as possible close to the biological reality.
However, the trend in the underlying formal theory is to use simplified techniques
(for instance, the usage of context-free object rewriting rules and fewer and fewer
“context-sensitive” components, or the usage of a global clock). The advantages
of simplified models are quite obvious. At very last, the simulations will be much
easier; at best the analysis of the behavior of the living cell becomes possible.

Nevertheless, some questions arise in this framework. After all, the final goal of
a formal theory is to explain the reality. Moreover, some important details that are
avoided may induce different behavior and, therefore, the simplified model will have
nothing in common with the “natural” one. Also, the analysis of the simplified model
does not offer always a good overview of the whole biological system. Therefore, the
best way to avoid the traps inherited from simplified models is to maintain strong
bonds with the biology and its feasible experiments.

It is then natural from a biological point of view to try to generalize the original
definition of P systems and to consider reactions that have different time of execu-
tion. A variant could be that each rule has as reaction time a multiple of a global
unit. One can see that such a model can easily simulate the original P system model.

A natural question arises: what would be the computational power of systems
where there is no internal clock at all? ...and this brings us to the scope of this
paper.

Here we propose a type of P systems where the time to execute a reaction is not
anymore a natural number but a real number. Moreover, we may further consider
that the time to execute a reaction is a real, finite and positive, variable. Just to
have a simple argument in the support of such a hypothesis, we can imagine that a
certain reaction whose duration depends on the temperature will behave differently
even in the same cell region (recall that the propagation of heat is not uniform).

In general, we may assume that from the cell/bio-system perspective it is not so
important whether the time can be expressed in integer or in real numbers. However,
this is especially important from the observer point of view (the human, for example,
who tries to explain and to use the system features). If we consider, for instance, that
the duration of a bio-reaction is an irrational number, then, without approximations,
a human observer will never be able to interpret/use a number with an infinity of
decimals. Here, we arrive to another computational dilemma: what is “better” from
the observer point of view? to approximate at each step/locally or to approximate at
the end/globally. Of course, the answer depends on the model we use: for example,
in silicon computers is better to approximate the voltage of current that enters in
a circuit, while in quantum computing any measure will destroy the experiment,
therefore we have to measure at the end. The same problem can be formulated to
the reaction time of a certain bio-reaction. In biology, when we measure the reaction
time of a certain chemical reaction, we depend on the sensitivity of the instruments
we use, therefore natural/rational numbers seems to be more fitted to create formal
models (because they is easier to approximate/use).

We will prove that these kind of P systems is computational universal when we
use non-cooperative rules, promoters at the level of rules and only one catalyst.
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In fact, we will see that the reaction time of a rule does not have a significant
importance and can be avoided; the things that we have to demand are that the
execution time for a rule is not infinite (a reasonable request) and that there exist
rules that act at the same time (for example, the rules that are applied at the
beginning of computation) even if they are spatially separated (a questionable claim;
recall that the simultaneity on spatially separated events is not a primitive concept,
also because we cannot be simultaneously present at both events and so we cannot
make the same judgment we can make for local events).

However, knowing that a bio-system is a dynamical system which obeys in

. . . instant
a certain sense to the principle of causality (cause= effect’ = new cause=new

effect= ---), we will consider that objects that are the result of the same reaction
will further evolve synchronously if they can (in a sense they are local events; the
time for all events at the same place is defined by one single clock at that place).

From this point of view one can use for reaction time, under the same mentioned
constraints, an arbitrary finite value from IN, Q4+ or IR, but the result we prove
remains valid. For the sake of generality, we will consider in this paper that reactions
times have real number values.

A final remark which links digital signal processing to the P systems (and hence
with cell biology as well) is that in the model presented, promoters play the role of
signals, indicating when certain reactions have to run.

2 Preliminaries

In this section we will give some notions regarding register machines and their com-
putational power.
An n-register machine is a construct M = (n, P, 4, h) where:

e 7 is the number of registers;

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; symbols j,k,] belong to the set of labels
associated in a one-to-one manner with instructions of P;

e i is the initial label;
e } is the final label.
The instructions allowed by an n-register machine are:

e (e:inc(r), f,z) — add one to the contents of register r and proceed to instruc-
tion f or to instruction z (f = z for the deterministic variant);

e (e:dec(r), f,z) — jump to register z if the register r is null; otherwise subtract
one from register r and jump to instruction labeled f;

e (h: halt) — finish the computation. This is a unique instruction with label h.
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If a register machine M = (n, P,i,h), starting from the instruction labeled 14
with all registers being empty, stops by halting with value n; in every register j,
1 < j <k, and the contents of registers k + 1,---,n being empty, then it generates

the vector (n,--+,n;) € N¥. Any recursively enumerable numeric vector set can be
generated by a register machine.
A register machine M = (n, P, i, h) accepts a vector (n1,---,n;) € NF iff, starting

from the instruction labeled i, with register j having value n; for 1 < j < k,
and the contents of registers k + 1,---,n being empty, the machine stops by the
halt instruction with all registers being empty. Deterministic register machines can
accept the family of all recursively enumerable sets of numeric vectors.

3 Clock-free P Systems

Definition 3.1 A clock-free P system (of degree m > 1) with symbol objects and
rewriting evolution rules is a construct

o= (V,C pywi,...,Wn,Ri,..., Rm,i0),
where
e V is an alphabet; its elements are called objects;
o C CV is a distinguished subset of the alphabet, called the set of catalysts;

e 1 is a membrane structure consisting of m membranes usually labeled
1,2,...,m;

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

Ri = {(r@)tin) (T2, t@2)s 5 (k) tak)) b 1 <0 < my, are finite sets
of pairs (evolution rules over V, associated reaction time) corresponding to
regions 1,2,...,m of u; these evolution rules are of the non-cooperative form
a — v or catalytic rules ca — cv, where ¢ € C, a is an object from V' \ C and
v 48 a string over

(V\ C) x ({here,out,in});!

All rules can be promoted by certain symbols (the corresponding rules can be
executed only in their presence). An object a is a promoter for a rule u — v,
and we denote this by u — v|,, if the rule is active only in the presence of
object a. In particular, promoters themselves can evolve according to some
rules.

For a rule r(; j) the finite, arbitrary real number i(; ;y € IR represents the
reaction time. In a given configuration, at each application of rule r(; jy on the
present objects, the reaction time may be different.

! For simplicity we will use subscripts associated with objects in order to specify the destinations
of objects.
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e iy is a number between 0 and m and specifies the output membrane of II (in
case of ig = 0, the environment is used for the output).

The result of using a rule u — v is determined by v:

e if an object a appears in v in a pair (a, here), then it will remain in the same
region;

e if an object a appear in v in a pair (a,out), then it will exit the region to
become an element of the immediately upper region;

e if an object a appear in v in a pair (a,ing) then it will be added to the multiset
corresponding to region q, providing that a is adjacent to the membrane q.

We do not know what is the ezecution time of a certain rule r(; j : u; —
v;; for generality, we have considered that the reaction time of a certain
rule is a real arbitrary, finite variable. Moreover, we have considered that
each application of rule r(; ;) on the objects from a certain configuration
may have a different execution time. All objects from v; will react in
the same time if they can (because they appear in the same time) and as
soon as possible (if there are proper existing conditions the reactions will
not be delayed).

Starting from an initial configuration, the system evolves according to the rules
and objects present in the membranes, in a non-deterministic mazimally parallel
manner. The m-tuple of multisets of objects present at any moment in the m re-
gions of Il constitutes the configuration of the system at that moment. The m-tuple
(w1, wa, -, wm) constitutes the initial configuration of II.

Recall that because there is no discrete clock, starting from a given
configuration, we will consider the next configuration the instant de-
scription of the system when the output of a previous initiated reaction
appears.

The objects that can evolve from a given configuration as well as the rules by
which they evolve are chosen in a non-deterministic manner and also, in case of
rules, in a maximal parallel manner. This means that we assign objects to rules,
non-deterministically choosing the rules and the objects assigned to each rule, but in
such a way that after this assignation, no further rule can be applied to the remaining
objects. The objects which remain unassigned are left where they are, and they are
passed unchanged to the next configuration.

The system will make a successful computation if and only if it halts: there is
no rule applicable to the objects present in the halting configuration. The result of a
successful computation is the number of objects present in the output membrane in a
halting configuration of 11, providing that in the system there are not running reac-
tions (recall that the reaction time for a rule is a real variable). If the computation
never halts, then we will have no output.

We will use the following notation:

Ne¢IP,(a, ), a € {ncoo} U{caty | k > 0}, € {proR}
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to denote the family of sets of natural numbers generated by clock-free P sys-
tems with input, having at most m membranes, evolution rules that can be non-
cooperative (ncoo), or catalytic (caty), using at most k catalysts, and promoters
(proR) at the level of rules.

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
ig in the halting configuration. In this case, the set of all vectors constructed in this
way by a system II is denoted by Ps(II).

Just to have an idea of how such a system works we may consider that in a region
of a P system we have the multiset a” and following rules:

a — T1Y1,
a — T141,
Y1 — Y2,
q1 — q2-

Initially, both rules ¢ — z1y1 and a — z1¢; can be applied. Let us suppose
that actually both rules were applied. After a while objects z1 and y; (or z; and
g1) will appear simultaneously. It is not necessary for objects y; and ¢; to appear
simultaneously. In conclusion, we cannot control when actually objects y2 and ¢
will appear.

Another relevant fact concerning the synchronization of the execution of two
rules is exemplified by the following rules:

a— alp
b— Bla

If in the region there are just objects a (and no objects b) then no rule can be
applied. However, if some objects b appear then both rules can and will be applied.

For a more elaborate example which has relevance from the classical definition of
P systems point of view, in Figure 1 we have a particular clock-free P system which
uses non-cooperative promoted rules to generate in the output region a2",n > 1.
The interest for this system comes from the following fact: instead of considering
that each application of rule R; on the objects from a certain configuration has a
different execution time, we have considered that the execution time is the same
(i-e., supposing that we have the multiset {(a,n)} and the rule a — b, then after
a while we will have the multiset {(b,n)}, with all objects b appearing in the same
moment).

Formally, we define the following clock-free P system

HA2" = (Va C, p, w1, ws, Ry, Ry, 2)’
where:

vV = {Aaaapar}a
c = 0,

377



/

Figure 1: Generating a®",n > 1

po= [l Jile,

{A,p}, w2 =0,

Ry = {(A—= AAlp,tayy), = ptag), 0= 7tas), (A= aoutltaa)}
{(r = Atas)), with £, € R, 1 <17 <5, finite arbitrary variable,
Ry = 0.

wq

C

Here, while object p is in region 1 the rule A — AA|, is executed and because of
the maximal parallel manner the number of objects A is doubled at each iteration.
If the rule p — r is executed, then, after a while, we will have in region 2 the object
r; therefore, the rule A — agyt|, can be started and 2", n > 1, copies of object a are
expelled into the output region.

The second example reflects more accurately the capabilities of clock-free P sys-
tems. The system generates in the output region a?" 4+ 1,n > 1, but considering
that each application of rule r; on the objects from a certain configuration has a dif-
ferent execution time. The example anticipates the main result of the paper. Recall
that in the previous example the massive parallelism has played a significant role
because of the way we have considered the application of a rule. In this more general
approach, this is not anymore possible since we have to known when a certain rule
finishes its execution (recall the above example where we have known that all ob-
jects A were transformed in the same time and moreover, the results have appeared
in the same time because the reaction time was the same). The trick will be to
sequentially transform each A into BB, then, again sequentially, transform B to A,
and iterate the process up to a non-deterministic chosen moment when we brake the
computation.

Formally, we define the following clock-free P system

HA2"+1 = (‘/, C,,U/,wlaRla 1)3
where:

V = {Sa Sl,SQ,S_l,S_Q,T,F},
¢ = {C}’
po= [l
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wp = {A4,8,c},

R = {(S—=S1,tq,), (= Atag), (cA— cBBF|s;,t13))}

{(S1 = SoT|r,taa))s (F = Msy,tap), (S2 = Sila,tae)}

{(T = Ti,t,7), (S2 = Silmystg)s (11— Atae)}

{(cB — CAFLq_Ia ta,0)s (S1 = 82T |m b)), (F — Alsm t1,12)}
{(S2 = SilB,t(1,13)), (T = T, t14)), (S2 = Sl tas)),

(T — At(1,6)) ), with ¢ ;) € IR,1 < < 16, finite arbitrary variable.

Cc C C C

Rules § — 51, S — A compose a selector, i.e., they decide whether the generation
should stop or continue. In case generation should continue (S — S is applied),
then, after the appearance of object S, the rule cA — ¢cBBF|g, is executed. It will
take an arbitrary (but finite) time up to the moment when objects B and F' appear
simultaneously. In that moment, rules S; — SoT|p, F — M|s, can be applied and
will be applied, again, simultaneously. We have the following situation: object F'
will be eventually deleted so it will not count in further computations; objects So
and T" will appear synchronously. After this, we know for sure that reaction T — T}
will be executed; however we do not know if it starts the reaction in the same time
with reaction S — Si|4 (because we do not know if all objects A where already
transformed). If there still exist objects A, then object S; is generated and object
T, will be eventually deleted. Otherwise, object S; is generated and we can start
the transformation of B into A (with a quite similar construction).

If the generation should stop, then object S is deleted (S — ), the transforma-
tion of objects A into B will not happen anymore and the computation halts.

4 Universality

Here, we present a universality result concerning clock-free P systems with promoters
at the level of rules. The proof is based on the simulation of a register machine.

Theorem 1 PsclIPs(cat1,proR) = 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 j is represented by the multiplicity of the object a;.

Formally, we define the P system

O=WV,C,[1[2]2 J1,w1 =0,wz, Ri =0,Ry,1),
where:

V = {a;,4;,D; |1<j<n}U{R,T,P,Pi}U{e e | (e:add(j), f) € P}
U {e,e1 | (e:sub(j), f,z) € P},

C = {c},

wy = {c,e,afj,lgjgn,kjEN},

and R is defined as follows:
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e for each instruction (e : add(j), f) € P, we add to Ro the rules:

e — elAj 7t(e,1)
c—cajRla; e
Aj = A ,t(e,3)
e1 = flr 3 E(e,4)
R— ) 1 L(e,5)

with ¢ ;) € R, 1 <14 <5 finite arbitrary variable;

e for each instruction (e : dec(j), f, z) € P, we add to Ry the rules:

e — eleTP 7t(e,1)
caj — CR|D]' ,t(e,g)
T — /\|a at(e,3)
T — )\|p2 ,t(e,4)
P—-P 1 Y(e,5)
Py — Mg +t(e,6)
Dj — X 1 Y(e,7)
e1 = flr se,8)
e1 — z|p, 1 ¥(e,9)
R — A|P1 ’t(e,lo)
P, — Pyt 1 t(e,11)
Py — )\ ’t(e,12)

with ¢, ;) € IR, 1 < < 12 finite arbitrary variable;

e for instruction (h : halt) we add to Rs the rules:

ar = 1,,|n 3 Uh,1)
ag = Qyyln s E(h k)
h— A 7t(h,k—|—1)

with ¢4 € R, 1 <7 < k + 1 finite arbitrary variable.

Before starting to examine the work of II, let us mention some useful facts:
objects e, f, z correspond to the register machine instruction labels e, f and z
respectively; the multiplicity of object a; represents the number stored in regis-
ter j; object A; represents the incrementation command (it corresponds to add in
register machine definition); object D; represents the decrementation command (it
correspond to sub in register machine definition).

Here is how the simulation of the register machine increment instruction (e :
add(j), f) € P works. Suppose that the current configuration of the P system is
represented by the multiset {(c, 1), (a1,n1),---, (a;,n;), -, (ak,nk), (e,1)}. Obvi-
ously, only the rule e — e1A; can be applied. We will have as a result after a
while the multiset {(c, 1), (a1,n1), -+ (ag, nk), (e1,1), (4;,1)}; therefore the rules to
be further applied are
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c — cajR| 4,

Now, both rules have started the reaction run in the same time. Object
A; will be deleted so we do not have to worry when this will actually happen.
After some time, objects a; and R will appear; the configuration will be then
{(¢,1),(a1,m1),---,(aj,nj+1)--- (ag,n), (e1,1),(A;,1)}. Next, the rules to be ex-
ecuted simultaneously will be

61—)f|R
R— A\

Because we have obtained the next instruction label and moreover we deleted
useless objects, we have correctly simulated the register machine increment instruc-
tion.

For the decrement instruction the procedure is much more complicated because
we have to check when to accomplish a sensitive task — depending whether the
indicated register is empty we should decrease its content and jump to the specified
label.

Suppose that the current configuration of the system is represented by the mul-
tiset {(c,1), (a1,n1), -, (aj,nj), - (ag,nk), (e,1)}. As it can be seen, only the rule
e — e1 D;TP can be applied. This means that after a while we will have the multi-
set {(c, 1), (a1,n1),---,(aj,n),-- (ak,nk), (e1,1),(D;,1), (T, 1), (P, 1)} (recall that
objects e1, Dj, T, and P have appeared simultaneously since they have came from
the “same” object e. Next, the rules

ca = cR|D;
T — Aa
P — P1
D, = A

will be executed in the same time. However, we do not know if the objects R, T
or P; will appear simultaneously. But what we do know is the following: if object
P, appears before object R, then it cannot react by the rule P, — Ps|r because
object T is missing (object T' is/was involved in the reaction T' — A|,); only the rule
Py — A|g can be further applied, but only after object R has appeared. If object R
appears into region then following rules are applied:

P1_>>\|R

61—)f|R
R—>)\‘P1

In this way, the next instruction label f is generated and the simulation can
continue. We do not need to know when objects P; and R will be removed since
they cannot be involved in other reactions.

Now, suppose that the current configuration of the system is represented by mul-
tiset {(e,1),(c, 1), (a1,m1),---, (aj—1,77 1), (@j41,n7 1), -+, (ak,nk)}. As above,
only the rule e — e;D;TP can be applied. This means that after a while we
will have the multiset {(c,1), (e1,1), (D;,1), (T, 1), (P,1), (a1,n1), .- (aj—1,n/ 1),
(aji1,m? 1), -+, (ag, nk)}. Next, the rules
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P— P
D, — A

will start their execution simultaneously. Once the object P; has appeared the rule
to be further applied is

P1 — P2|T
If object P, has appeared, then the system will execute the rules

T—))\‘pz
Py — A
61—>Z|p2

After some time the next instruction label will be generated and the computation
can continue. Finally, if object h is generated, then all the following rules are
executed:

ai — alout |h

a‘k - a'kout"l
h— A

In conclusion, we have shown that PsclP,(cat;,proR) O PsRE. By Turing-
Church thesis we have the reverse inclusion, and this concludes the proof. O

5 Concluding Remarks and Open Problems

A new, more general, type of P systems has been introduced in this paper. The main
idea was to consider clock-free P systems, i.e., systems where the execution time of
each rule is a real variable. From this perspective, the notion of a universal clock
that regulates the computations does not have anymore sense. The universality
result presented here was obtained by creation/deletion of signals (promoters in our
case) which activate different components (sets of rules).

Several open problems arise. For example, it is not known if the clock-freeness
feature can be adapted to other types of P systems in order to obtain computation-
ally universal devices. Also, in this paper we have considered that objects that can
react will be involved in their corresponding reactions in the same time. But this,
from a biological point of view, is not feasible because, for instance, when consider-
ing a cooperative rule ca — « it is not guaranteed that object a will instantly meet
object ¢ and react (we may consider that they are physically far enough not to find
each other).

However, we believe that this kind of clock-free P systems represents a new step
toward a more bio-realistic P system model.

Acknowledgements. I gratefully acknowledge the discussions with Matteo Cava-
liere about the topic of this paper.
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