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Chapter 1

Overview

1.1 Motivations and Goals

Nature-inspired models have recently gained momentum in composing, coordinating and
adapting the “Internet of Services”, where a myriad of services and users are interacting
autonomously, exhibiting properties that might assist with programming a global com-
puting platform. The virtual communication world has been overtaken by applications
and it is no longer operating the way we were using it in the last two decades. Instead
of just surfing, we are accessing a service through application. Internet as a computing
platform has become an ecosystem comprising a myriad of heterogeneous and autonomous
services encapsulating I'T components such as storage space, computing power, software
or sensors, which is exploited the best, if according to users’ requests, one composes,

coordinates and adapts such services dynamically, [9].

A class of computational models which might be adequate to describe the scenario outlined
above is based on what might be called a chemical paradigm of computing. This chemical

approach is justified by the observation that chemistry concepts, which express dynamics,



decentralization and parallelism, are similar to those appearing in this virtual ecosystem.
Based on chemical laws, programs take place as connections between molecules that react
with each other in an implicitly parallel, non-deterministic, autonomous and distributed

way.

The aim of this research was to come up with a new computational model, that takes
this parallel and decentralized chemical metaphor into account. To this aim, we take
automata-like variants of membrane systems (P systems) and P colonies as our starting
point, [16]. These systems are nature motivated, unconventional computational models
inspired by the structure and the functioning of living cells. They provide a formalization
of the above mentioned chemical paradigm of computing in general, and their automata-
like variants are designed to emphasize and capture the interaction between the system
and its environment. This way they provide a description of a system of interacting agents,
processes, or any kind of computational devices forming the elements of the interaction
model which seems to be appropriate to give a kind of basis for the formal description of

the virtual ecosystem of Future Internet sketched above.

In this study, we introduce a generalized variant of P colony automata, provide results
on their computational power, and compare them to other automata-like variants of the
P systems model. Our results not only give a characterization of the limits of this type
of chemical computational approach, but also help to classify these P system models, to
understand their properties and the way they influence their computational/descriptive

power.

The work is organized as follows: the second chapter gives some motivation and a short
introduction to the chemical computing paradigm and membrane systems (P systems),
P colonies in general. In the third chapter, we introduce the reader to generalized P
colony automata and after the necessary definitions and some examples, we study the

computational capabilities of three of their variants. We also compare our findings with



the corresponding results on related models, namely, the related variants of P automata.
We will see that (separating the description of the system and its environment) generalized
P colony automata have an essentially more simple description than other P system
variants (the number of objects inside the system is bounded by a finite constant), but

still, their computational power can in many cases be similar.

1.2 Description of the Authors’ Contribution

Definitions, propositions and theorems with their corresponding proofs associated with
the generalized P colony automata computational model appear first in this work, thus
the model has been defined and first studied here. In addition to the present work, a
paper based on the results of Chapter 3 has been accepted for publication in the Journal

of Automata, Languages and Combinatorics, [12].

The ideas concerning the chemical computational paradigm and the results on P automata

which are used in the last part of Chapter 4 are from [11, 9, 1] and from [8, 4], respectively.



Chapter 2

Introduction

The information found in this chapter is heavily based on [11, 9] and [1], that the reader

should look into for a more in-depth understanding of the problems proposed here.

2.1 The Need for Self-Organizing, Decentralized Sys-

tems

Since the early 1980s the Internet has grown into a worldwide open infrastructure for
communication, commerce and information. Due to the rapid development of technology,
the Internet has become the central part of our lives. Evidence about the statistics on
Internet traffic growth, which show that Internet traffic grows about 50-60% annually,

clearly confirms the statement that the Internet is the global network of the 215 century.

Behind these statistics are a whole mix of social and economic trends. Digital convergence
has changed the business landscape for consumer electronics, media industries, informa-

tion technologies and telecommunications forever. Cloud computing and software as a



service are emerging new paradigms that open up a myriad of opportunities for collabo-

ration, innovation and efficiencies in business and organizations.

Although, in addition to just being an evolution, the Future Internet requires relentlessly
new approaches, such as new architectures, new ways of managing data, new interfaces
and new ways of integrating all the different Internet entities - people, devices, sensors,
services and things. Since this will not only assure content and information, but also
things and services, Service Oriented Architecture technologies are getting favored in the
context of Future Internet where the role of service providers are taken up by diverse
organizations and enterprises, while such services are exploited by users to fulfil their

needs.

Nature inspired, unconventional computing models have recently gained momentum in

expressing service coordination, for being autonomic, dynamic, decentralized and parallel.

2.2 The Chemical Computational Model

A chemical “machine” can be thought of as a symbolic chemical solution where data and
computation are represented by molecules floating around and reactions between them.
When certain molecules fulfill a reaction condition, they are replaced by the result of the
reaction. Formally, this setup is represented by a multiset of symbols/objects representing
the molecules, and multiset “rewriting” rules representing the reactions. The analogy
can be carried over also to the execution model: the Brownian motion of the chemical
molecules correspond to the parallel and nondeterministic computation of the chemical

machine (see Table 2.1).

We can formulate some of the important characteristic properties of the chemical compu-
tational model as follows: parallel execution (when two reactions involve distinct elements,

they can occur simultaneously), mutual exclusion (a molecule cannot take part in more



Abstract machine Chemistry

Data Molecule

Multiset Solution

Parallelism /nondeterminism | Brownian motion

Computation Reaction

Table 2.1: The elements of the abstract machine and the ingredients of a chemical solution.

than one reaction at the same time), atomic capture (either all ingredients of the reaction

are present, or no reaction occurs).

Having parallelism as a property, the chemical computational model is capable to express
algorithms that are often reflected sequentially. Gamma (General Abstract Model for
Multiset Manipulation) was the first significant chemical computational model in terms of
being parallel, where multiset transformations assured these algorithms to be reflected in
parallel. The main characteristics of Gamma were decentralization and nondeterminism.
Depending on actual conditions, the program, or in other words a set of atomic and
declarative rules could be applied simultaneously and independently that modified the

multiset.

2.3 Membrane Systems, P Colonies - Preliminary

Definitions

Membrane systems, or P systems (after their inventor Gh. Paun) are distributed, chem-
istry inspired and parallel abstract models, that are motivated by molecular membranes
alongside cells. They are composed of disjoint membranes, which are placed in a common
environment, encapsulated by a skin membrane. These membranes function as delimiters,

containing multisets of chemical objects and several evolution rules that function only on



objects that belong to the membrane, the evolution rule was defined to. Rules get applied
in parallel, in addition to the property, that they can specify where objects should be
sent after their application, which can be done easily by labelling membranes. Moreover,
objects are able to pass through membranes: either a contained or a vessel membrane can

receive the object that was sent out by an evolution rule.

Membrane systems were analysed as mathematical objects, where computer scientists
started to compare their computational power to Turing machines and investigate their

potential in solving computationally hard problems. See [16, 3] for more details.

P colonies are variants of very simple membrane systems, which in turn are popular and
widely studied computational models based also on the chemical computing paradigm,

see [13, 14].

P colonies consist of a collection of very simple computing agents which interact in a
shared environment. The environment and the colony members (the computing agents)
are both described by multisets of objects. These multisets are processed by the colony
members using transformation rules (rewriting rules) and communication rules (rules for
exchanging objects between the colony members and the environment). Several rules are
grouped into programs, which execute the rules they contain in parallel. A computation
consists of a sequence of computational steps during which the colony members execute
their programs in parallel, until the system reaches a halting state (where no program

can be applied).

Different variants of P colonies were shown to be able to generate any recursively enu-
merable language, that is, to have the same computational power as Turing machines.
To see how P colonies, as concrete examples of the chemical computing paradigm can be
employed to overcome certain shortcomings of other types of models, we will consider the
classic example of the dining philosophers, but first we introduce the formal notion of a

P colony.



Let V be a finite alphabet, let the set of all words over V' be denoted by V*, and let € be

the empty word. We denote the number of occurrences of a symbol a € V in w by |w,.

If the set of non-negative integers is denoted by N, then a multiset over a set V is a
mapping M : V — N which assigns to each object a € V' its multiplicity M (a) in M. The
support of M is the set supp(M) = {a | M(a) > 1}. If V is a finite set, then M is called
a finite multiset. A multiset M is empty if its support is empty, supp(M) = 0. We will
represent a finite multiset M over V' by a string w over the alphabet V' with |w|, = M (a),

a € V, and e will represent the empty multiset which is also denoted by ().

We say that a € M if M(a) > 1, and the cardinality of M, card(M) is defined as
card(M) = Y,epM(a). For two multisets My, My : V' — N, M; C M, holds, if for all
a €V, M(a) < Ms(a). The union of M; and M, is defined as (M; U M) : V — N with
(M; U Ms)(a) = My(a) + Ms(a) for all a € V, the difference is defined for My C M; as
(M; — My) : V — N with (M — Ms)(a) = My(a) — Ms(a) for all a € V.

Definition 1 A P colony of capacity k and with n cells, k,n > 1, is a construct Il =
(V,e,wg, (w1, P1), ..., (w,, P,), F) where V is an alphabet, the alphabet of the automaton,
its elements are called objects; e € V is the environmental object of the automaton;
wg € (V —{e})* is a string representing the multiset of objects different from e which is
found in the environment initially; (w;, P;),1 < i < n, is the i-th cell; and F' is a set of

accepting configurations of the system.

For each cell, (w;, P;), 1 <i < n, w; is a multiset over V| it determines the initial contents
of the cell, and its cardinality |w;| = k is called the capacity of the system; P; is a set of

programs, where every program is formed from k rules of the following types:
e rewriting rules of the form a—b, where a,b € V', or
e communication rules of the form ¢ <> d, where ¢, d € V.

The computation of a P Colony automaton starts in the initial configuration, and the



configurations are changed by the cells with the application of some of their programs. The
programs either change the objects inside the cells (with rewriting rules) or exchange them
for other objects with the environment (with communication rules). When a program
is used, the rules are applied to the k objects inside the cell simultaneously, thus, the
program produces k new objects in one computational step, they are either results of
rewriting operations or brought inside the cell from the environment by communication

rules.

A configuration of a P colony is an (n + 1)-tuple (ug,uy,...,u,), where ug € (V —
{e})* represent the multiset of objects different from e in the environment, and u; €
V* 1 <1 < n, represents the contents of i-th cell. The initial configuration is given by
(wg, w1, ..., w,), the initial contents of the environment and the cells. The elements of the
set F' of accepting configurations are given as halting configurations, that is, configurations

where no program can be applied in any of the cells.

In the dining philosopher problem, several (say n) philosophers sit at a round table, each
having a plate of spaghetti in front of him, and there are forks between each plate (thus, if
we have n philosophers and n plates, then there are n forks on the table). A philosopher
can eat the spaghetti with two forks, thus, if one of them starts to eat, he has to pick
up the forks on both sides of his plate which means that none of his neighbors will be
able to eat at until he decides to stop. The problem is do determine a strategy for each
philosopher to follow in such a way, that each of them gets to eat the spaghetti sooner
or later, that is, where no deadlock occurs. (A deadlock can occur, for example, if the
instructions to the philosophers contain to take any available fork, and wait for the other
one until it becomes free. In this case, in a situation when each philosopher already has
one of the forks in the hand, they keep on waiting for the other one to become available

forever.)

Example 1 To represent this scenario, let us construct a cell for each philosopher, let us



have a symbol f; for each fork 1 < i < n, and let us use the symbols F; and T}, 1 < i < n,

representing the fact that the ¢th philosopher is eating or thinking, respectively.

Let IT = (V,e,wg, (w1, P),...,(w,, P,),F) be a P colony of capacity k = 3, where
V ={E.T, fi, o1 | 1 <i<n},wg ={T;, fi | 1 <i < n}, and the sets of programs are
defined as

P = {eati : <€ < fi,e < fir1 mod n, i <> Ti>,
think; : (fi <> €, fit1 mod n <> €, T; <> E;),
keepeat; : (fi = fi, fi+1 mod n — fit1 mod n, Li = T3),

keepthink; : (e — e,e — e, E; — E;)}

for1 <i¢<n.

Initially the environment contains n forks (the symbols f;, 1 <1i < n), and the symbols
T;, 1 < i < n, representing the fact the all philosophers are thinking, and the ¢th cell

contains the 3 element multiset of symbols e, e, E;.

The application of the program keepthink; in the ith cell does not change this situation,
the application of eat;, however, takes the two forks near the plates of the ith philosopher

from the environment, and also exchanges the symbol T; to E;.

Note that the atomic capture property of the model (either all the reactants are present,

or no reaction occurs) expresses the non-blocking property of the above description.

10



Chapter 3

On the Computational Power of

Generalized P Colony Automata

As membrane systems, and P colonies in particular, are computational models working
with multisets as their basic “data structure”, they are able to characterize sets of non-
negative integers, or integer vectors in a straightforward manner. P colony automata were
introduced in [2] with the aim of P colonies capable of describing also string languages. In
order to do this, so called tape rules were introduced which beside executing the multiset
transformation (as in P colonies) also trigger the reading of an input symbol from an
input “tape”. Several computational modes of these automata were studied, each of them
requiring that all tape rules which are applied in a computational step should request the
reading of the same symbol from the tape. In this section, we relax this requirement, and
allow the simultaneous application of tape programs which require the reading of different
input symbols, by saying that instead of single symbols, multisets of symbols are read

during each step of the computation.

11



3.1 Definitions

Now we define the notion of a generalized P colony automaton (genPCol automaton in

short).

Definition 2 A genPCol automaton of capacity k and with n cells, k,n > 1, is a construct
II = (V,e,wg, (wy, P),...,(wn, P,), F) where V, e € V, wg € (V — {e})*, (w;, P;),1 <

i <n, and F are defined as in the case of P colonies above.
The sets P; of programs, is formed, however, from k rules of the following types:

e tape rulesof the form a KN b,ora & b, called rewriting tape rules and communication

tape rules, respectively; or

e nontape rules of the form a — b, or ¢ <+ d, called rewriting (nontape) rules and

communication (nontape) rules, respectively, where a,b,c,d € V.

A genPCol automaton works similarly to a P colony, but during the computation, the
automaton processes an input word. A prefix (possibly consisting more than one symbols)
of the yet non-read part of the input word is read during a configuration change: the
processed prefix of the input corresponds to the multiset of symbols introduced by the

tape rules of the system. This process is defined more precisely as follows.

A configuration of genPCol automaton is an (n+2)-tuple (u; ug, us, . .., u,), where u € V*
is the unprocessed (unread) part of the input string, ug € (V —{e})* represent the multiset
of objects different from e in the environment, and u; € V*, 1 < i < n, represents the
contents of i-th cell. The initial configuration is given by (w;wg,wy,...,w,), the input
word to be processed by the system and the initial contents of the environment and the
cells. The elements of the set F' of accepting configurations are given as configurations of

the form (g;vp, vy, ..., v,), where

e vgp C (V — {e})* represents a multiset of objects different from e being in the

12



environment, and each
e v, € V* 1<1i<mn,is the contents of the i-th cell.

To describe the computation process formally, for any rule r we define the following
multisets. Let X € {T,¢}, and if r = a X b, orr =a & b, then let left(r) = a,
right(r) = b. Let us extend this notation also for programs. For a € {left, right}
and for any program p, let a(p) = U,¢, a(r) where the union denotes multiset union
(as defined above), and for a rule r and program p = (rq,...,rg), the notation r € p
denotes the fact that r = r; for some j, 1 < j < k. Moreover, for any tape program p
we also define read(p) as the multiset of symbols (different from e) on the right side of
rewriting tape rules and on the left side of communication tape rules, that is, read(p) =

right(r)JJ left(r). We also denote by export(p) and import(p)

T T
rép,r=a—b,b#e rép,r=a<b,ae

the multisets export(p) = U a and import(p) = U e b, and by create(p)

X
rép,r=aérb,a#e rep,r=

x. b. So by export(p) and import(p), that were defined

rep,r=a—b

the multiset create(p) = U
for communication rules of a given p program, we indicate the objects that are sent out
to the environment and brought inside the cell, respectively. Whereas create(p) is the

multiset of symbols produced by the rewriting rules of program p.

Thus, left(r) and right(r) are the multisets consisting of the symbol on the left or right
side of the rule r. For a program p, left(p) and right(p) are the collection (multiset) of
symbols on the left or right sides of the rules in the program p. Finally, read(p) is the
collection (multiset) of symbols (different from e) on the right side of rewriting tape rules
or the left side of communication tape rules, ezport(p) is the multiset of symbols (different
from e) exported to the environment from the cells by the program p, and import(p) is

the multiset of symbols brought in the cell from the environment by rule p.

Let the programs of each P; be labelled in a one-to-one manner by labels from the set
lab(P;), 1 <i < n,lab(P;)Nlab(P;) = () for i # j. In the following, for the sake of brevity,

if no confusion arises, we designate programs and their labels with the same letters, thus,

13



for a label p € lab(P;), we also write p € P;.

Let ¢ = (u;ug,us,...,u,) be a configuration of a genPCol automaton II, and let Ug =
ugp U{e, e, ...}, thus, the multiset of objects found in the environment (together with the
infinite number of es which are always present). We call a set of programs, P., applicable

in configuration c, if the following conditions hold.

e At most one program is selected for each cell, that is, if p,p’ € P.,p # p’ and
pepwp,e -P]7 thenz;é],

e the selected programs are applicable in the cells (the left sides of the rules contain
the same symbols that are present in the cell), that is, for each p € P., if p € F,
then left(p) = u;

e the symbols which are brought inside the cells by the programs are present in the

environment, that is, Up,ep, import(p) C Ug;

e P.is maximal, that is, if any other program is added to it, then some of the above

conditions are not satisfied.

A configuration ¢ = (ujug,uq,...,u,), a € V, is changed to a configuration ¢ =
(u';uly, ul, ..., u)) by applying the set P, of applicable programs if the following properties
hold:

e If there is a p € P. such that p € P;, then u, = create(p) U import(p), otherwise

! __ - .
u; = ui, 1 <0< n;

o Uy = Ug—U,ep, import(p)UU,ecp, export(p) (where Uf, again denotes uz;U{e, e, ...}

with an infinite number of es); and

o if U,cp, read(p) = v, then u = perm(v)u’ where perm(v) denotes a string represent-
ing the multiset composed of the of the symbols of v, or in other words, perm(v) is

a string obtained by a permutation of the symbols of string v.

14



This means that the symbols which are “read” by the tape programs in one computa-
tional step, are read from the prefix of the input in the same computational step of the
automaton. Thus, more than one symbols are read from the input in each step, those
which are read by the tape programs applied in that step. Note that several different
strings might be read during the same computational step, since different permutations

of a series of symbols correspond to the same multiset.

The language accepted by a genPCol automaton Il as above is defined as the set of strings

which can be read during a successful computation:

L(II) = {w € V*|(w; wg, wy, ..., w,) can be

transformed by II into (g;vg, v1,...,v,) € F'}.

The general idea behind the above definitions is that instead of the different computational
modes used in [2], we have a system with programs and we apply the programs in the
maximally parallel way, as usual in P colonies, that is, in each moment, every agent must
non-deterministically choose and apply one of its applicable programs, until no agent can
apply any of its programs anymore. Then we look at those rules which were tape rules (in
the applied set of programs) and collect all the symbols that they “read”: this multiset
(of the collected symbols) should be read from the input, thus, a prefix of the not yet read

part of the input string is read (which contains exactly these symbols in some order).

Now we repeat an example from [2] in order to demonstrate the differences between

genPCol automata and the variant of the notion considered there.

Example 2 Let II = ({a,b,c},e,wg, (wy, P), (we, P2), (ws, P3), F') be a genPCol au-

15



tomaton, where the sets of programs are defined as

P1 P2 P3

p: ebbesa), pa: lebaesa), pri (e aea),
p: (eDaje—a), pp: (ebbesa), pru: (e aje—b),
p3: (e<rajere), po: (e—=ae<re), pur: (e —aje<re),

and ¢ = (w; aacce, ee, ee, ee) is the current configuration of II.

The set of programs {p1, pa, prr} is not applicable because there are not enough as in the
environment. The set of programs {p;,p;} is not maximal, since pc could be added to it.
The set of programs {p1,pc,pr} is maximal, so these programs could be applied in the
current configurations of II, and during their application the multiset consisting of one a
and one b is read from the input, thus, w = abw’ or w = baw’ must hold for some w’, and

then the resulting configuration is ¢ = (w'; cec, ba, ae, aa).

The next example (also similar to the one from [2]) demonstrates that all regular languages

can be accepted also by genPCol automata.

Example 3 Let L C X* be a regular language, and let M = (X,Q, 0, qo, F') be a finite
automaton with L(M) = L, with alphabet ¥, set of states (), initial state qo, set of final

states I, and transition function § : ¥ x @ — Q.

Consider the genPCol automaton IT = (X U {q;} U Q, e, wg, (w, P), F") of capacity two,
where q; € XU Q. It is not difficult to see that II simulates the computations of M, that
is, L(IT) = L(M) with initial environment wg = U,ex{a, a}, initial cell contents w = eqy,
set of rules

P = {{era, qr— q) |a€X}U

{(z La, g ¢') | for all x € 3 such that §(x,q) = ¢ for some ¢,q¢ € Q},
and set of final configurations

F' = {(e;wp — {z},zqy)lfor all z € ¥, and ¢; € F'}.

16



The next example demonstrates how non-context-free languages can be accepted by gen-

PCol automata.

Example 4 Let IT = ({a,b,c},e,0, (ee, P), F') be a genPCol automaton where

P = {{e=aede)le—saadse),

(e badse),le—bbda),la—bbda),
(a—c,bda), (a—c,adsb),(b—c,cdb),
{

b—se,cdb),(b—eedc)lc—eedsc))

with all the communication rules being tape rules. Let also F' = (g;0, ec) be the final
configuration. It is not difficult to see that this system generates the language L(II) =
{a"b"c" | n > 1}.

Now we introduce subclasses of the model based on the presence of tape rules in the
programs. Let the class of languages accepted by generalized PCol automata where all
the communication rules are tape rules be denoted by L£(genPCol, com-tape), the class
of languages accepted by generalized PCol automata with all programs having at least
one tape rule by £(genPCol, all-tape), and the class of languages accepted by generalized
PCol automata where programs with any kinds of rules are allowed by L(genPCol, ).
Let also L(REG), L£(CF), and £(RE) denote the classes of regular, context-free, and

recursively enumerable languages respectively.

Proposition 1
1. L(genPCol, com-tape) U L(genPCol, all-tape) C L(genPCol, %),
2. L(genPCol, com-tape) N L(genPCol, all-tape) — L(CF) # (),
3. L(REG) C L(genPCol, com-tape) N L(genPCol, all-tape).

Proof. The first statement is the consequence of the definitions. Whereas the second

statement is an implication of Example 4, where we showed that a context-sensitive/non

17



context-free language, namely {a™b"c" | n > 1} could be generated by a genPCol automa-
ton, where in addition to all programs having at least one tape rule, all the communication
rules were tape rules. Considering the second statement with Example 2, where we showed
that a genPCol automaton can accept an arbitrary regular language by simulating a finite

automaton that accepts this language, the last statement also holds. O

3.2 GenPCol Automata with Restricted Programs

Now we examine the class of languages characterized by genPCol automata where all
communication rules are tape rules, or where there is at least one tape rule in each

program.

First, we recall a notion from [4]. A nondeterministic Turing machine with a one-way
input tape is restricted logarithmic space bounded if for every accepted input of length
n, there is an accepting computation where the number of nonempty cells on the work-
tape(s) is bounded by O(log d) where d < n is the number of input tape cells already read,
that is, the distance of the reading head from the left end of the one-way input tape. The
class of languages accepted by such machines is denoted by r-1LOGSPACE. In [4] it is
shown that this class is strictly included in 1ILOGSPACE, the class of languages accepted

by Turing machines with a one-way input tape using logarithmic space on the worktapes.
Theorem 2 £(genPCol, com-tape) U L(genPCol, all-tape) C r-1LOGSPACE.

Proof. 'To prove the theorem, we first describe how a Turing machine using restricted one-
way logarithmic space can simulate IT = (V) e, wg, (wy, P1), ..., (w,, Py), F), a genPCol

automaton.

Let us define the set of transitions of IT as T'r C P, such that, p;,ps € Trand p; € P;, ps €

P; implies i # j (at most one program is executed by each cell during a transition).
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For any transition ¢t € T'r, we define the following multisets:

e read(t) € V* is the multiset of symbols read by II during transition ¢ from the input,

that is, read(t) = Uyer, read(p) (where U denotes union in the “multiset sense”),

e export(t) € V* is the multiset of symbols sent out by the cells of IT to the environ-

ment during transition ¢, that is, export(t) = U,er, export(p),

e import(t) € V* is the multiset of symbols imported by the cells of II from the

environment during transition ¢, that is, import(t) = Uper, import(p).

Let us also define blocked(t) C {1,...,n} as the set of indices of those component cells
which do not apply any program during transition ¢, that is, ¢ € blocked(t) if and only if,
there is no p € T'r such that p € P,.

Finally, let inside(t) € (V¥ U {$})" be the set of internal configurations compatible with
transition ¢, that is, the n-tuples of those k element multisets which must be present
inside the n component cells of II in order for ¢ to be applicable. If a cell does not apply

any programs during transition ¢, then $ is the corresponding element of the the n-tuple

inside(t).

Now we construct a one-way Turing machine M which simulates the work of II using

restricted logarithmic workspace. Let M = (m, V,T',Q, drr, qo, F') where

m = 2 - |V| is the number of work-tapes, thus, M has two tapes for each element of

the object alphabet V|

V' is the input alphabet,

I'=1{0,...,9} is the work-tape alphabet,

Q= {qtU{lt,us,...,u,) |t € Tr, u; € V¥, 1 <i < n} is the set of internal states

with ¢ being the initial state, and F’ = {q} the set of accepting states,
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o Sy VU{e} xQxT™ — @Q xTI'"™ x {left,right,none}™ is the transition relation
of M.

The machine M can record the configurations of II by storing the contents u; € V¥ of cell
7, 1 <14 < nin the internal states ¢ € ) and by recording on the corresponding work-tape
the number of occurrences of each object from V' in the environment. The computations

of II are simulated by M in several phases.

First, M nondeterministically chooses a transition ¢ € T'r which is also recorded in the
internal state, and then it reads the elements of read(¢) from the input tape in a nonde-

terministically chosen order in a series of computational steps.

In the next phase, M checks whether the chosen transition ¢ of II is applicable in the
current configuration of the genPcol automaton. To this aim, M first compares the non-$
elements of inside(t) to the contents of the corresponding cells: a program can only be
applicable if the objects which are to be rewritten or exported to the environment are

present inside the cell.

Then for each a € V; M writes the numbers |[import(¢)|, on the second work-tape cor-
responding to a, and compares them with the number of the first tape making sure that
there are enough objects in the environment for the execution of transition ¢. At this
point, for each i € blocked(t), M examines the programs of P; and compares them to the
contents of the corresponding cell i: if it finds a program p with rules having left hand
sides which are able to process all the objects in the cell, then it makes sure that the ob-
jects which remain after subtracting the multiset import(¢) from the environment are not
sufficient for the application of p (the numbers of different objects in the environment and
the number of different objects in import(t) are recorded on the two sets of work-tapes

corresponding to each symbol).

So at the end of this phase, M “knows” that all the programs in transition ¢ can be applied,
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and that none of the cells which are blocked according to t can apply any programs, in

short, that transition t is applicable in the currently simulated configuration of II.

In the last phase, transition ¢ is applied, that is, the cell contents are updated according to
the programs of ¢, and the contents of the environment is updated by adding the multiset
export(t) and subtracting the multiset import(¢). Now M checks whether the complete
input is processed, and if so, whether the recorded configuration of Il corresponds to a
final configuration, in which case it enters the state ¢y and accepts the input. Otherwise

the simulation of an other transition of Il can be performed.

To see that the above described simulation requires restricted logarithmic space, note that
in the case when all programs contain at least one tape rule II reads a nonempty (but
bounded) multiset of symbols in each computational step, thus, the number of objects
present in any configuration of II can be bounded by a linear function of the number
of executed computational steps. This is also true for systems where all communication
rules are tape rules, because of the fact that if no symbols are read from the tape, then
no symbols enter the environment from any of the cells, which means that the Turing
machine workspace needed to record the P colony configuration does not increase during
the simulation of these steps. Thus, the number of symbols in any configuration can be
bounded by a linear function of the number of processed input symbols, which means
that the configuration can be recorded in logarithmic space with respect to the distance
of the input head of the Turing machine from the leftmost cell of the one-way read only

input tape. a
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3.3 GenPCol Automata Computing in the Non-Re-
stricted Mode

In this section we show that if we consider the non-restricted functioning mode of the
GenPCol automata which does not require the automata to have tape rules in all of its
programs, nor do we restrict its rules by considering only communication rules as tape
rules, then GenPCol automata characterizes the class of recursively enumerable languages.

First we recall the notion of a two-counter machine which will be used in the proof.

A two-counter machine, see [10], M = (X U{Z,B},Q,qo,qr,Tr) is a 3-tape Turing
machine where X is an alphabet, () is a set of internal states with qg,qr € ) being the
initial and the final states, and T'r is a set of transition rules. The machine has a read-only
input tape and two semi-infinite storage tapes which are used as counters. The alphabet
of the storage tapes contains only two symbols, Z and B (blank), while the alphabet of
the input tape is ¥ U {B}. The symbol Z is written on the first, leftmost cells of the
storage tapes which are scanned initially by the tape heads. An integer ¢ can be stored
by moving a tape head t cells to the right of Z. A stored number can be incremented or
decremented by moving the tape head right or left. The machine is capable of checking
whether a stored value is zero or not by looking at the symbol scanned by the tape heads.

If the scanned symbol is Z, then the value stored in the corresponding counter is zero.

Without the loss of generality, we assume that two-counter machines check and modify
only one of their counters during any transition, thus, the rule set R contains transition
rules of the form (¢, z,4, @) — (¢, ) where x € XU {B} U {e} corresponds to the symbol
scanned on the input tape in state ¢ € @, and o € {Z, B}, i € {1,2} correspond to the
symbols scanned on the ith storage tape. By a rule of the above form, M enters state
¢ € @, and the ith counter is modified according to § € {—1,0,+1}. If z € ¥ U {B},

then the machine was scanning = on the input tape, and the head moves one cell to the
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right; if x = ¢, then the machine performs the transition irrespective of the scanned input

symbol, and the reading head does not move.

A word w € X* is accepted by the two-counter machine if starting in the initial state
qo, the input head reaches and reads the rightmost non-blank symbol on the input tape,
and the machine is in the accepting state qr. Two-counter machines are computationally

complete; they are just as powerful as Turing machines.

Theorem 3

L(genPCol, ) = L(RE)

Proof. Let L C ¥* be an arbitrary recursively enumerable language, and let M = (¥ U
{Z,B},Q,q0,qs,Tr) be a two-counter machine as above with L = L(M).

Let us construct the GenPCol automaton II = (V, e, wg, (wy, P1), (wq, P), F') where V =
SUQU{t, ' t" 1" |t € TriU{cy,c, A}, w1 = qoe, wy = ee, F' = {(&;u, qre,ee) | u € V*},

and the sets of programs are defined as follows.

For any o € {B, Z}, f € {—1,0,+1}, we define the disjoint sets of transitions T'r, 3 C T'r
as follows: t € T'r, g, if and only if, ¢ : (¢, x,i,a) — (¢, B), x € X U{e}, i € {1,2}. Thus,
Tr=Trp 1 UTrgoUTrg 1 UTrzoUTry, 1.

Now we define the sets of programs as
P1:UP17tandP2:UP27t,
teTr teTr

where for t € (T'rg,_1 UTrpy) we have

Py = {pa:{g—=trn),po: (Ee cimig),pis s (O =t 6 — e,

"

pra: (" = et ps (" —qe—e€)},

where ;1 and 71,9 are the rules e L aand a — ¥ , respectively, if ¢ € Tr is such, that

r =a € X, otherwise, if v =¢, thenr,; =e > eand r, o =e — t'.
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Ift € Trp 41, then we have

Py = {pia:{g—=tra),pra: (t < ciyra),pis: (=t 0 — o),

"= qe—e)}

" n
pra: (t" = e o t") ps (1
with r,; and 2 as above.

For these types of transitions, the set P; is defined as follows. If ¢ € Trp _;, then we have

",

Py = {pg:{ecrtie—e),pr:(t—=t"e—e),ps: (t" < e;e —e)},

otherwise, if t € (TrgoUTrp 1), then

",

Py = {ps:lertie=c),pr: t =" e),ps: (" < ee =)}

Now, if t € T'rzp, then we have in P,

P, = {pt,l (g — t;Tt,1>7pt,2 D (t < 6;7”t,2>7pt,3 (e & cist — A),

pra:{t' = eeet") s (e et" = ¢}

T . . e
where 7,1 and 7,5 are the rules e = a and a — t/, respectively, if the transition is such,

that the input symbol is z = a € ¥, otherwise if v = ¢, thenr,; =e — eandr o =e = t'.

IfteTryz4q, then

P, = {Pt,l (g — t;Tt,1>7Pt,2 L (t < 6;7”t,2>,pt,3 (e & cist — A),

pra:(t' > cseet"y,ps (e et =)}
where 7,1 and 7,5 are as above.
The set P, contains only two programs in both cases, these are defined as
Poy = {pg:lertie—=t"),prr: (t > et <€)}

forall t € (TrzoUTrz41).
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The PCol automaton II simulates the work of the two-counter machine M by reading the
input symbols with its tape programs and keeping track of the contents of the ith counter

as the number of ¢;, ¢ € {1,2} objects present in the environment.

Each transition of M is simulated separately. One of the symbols inside the first cell of II
is from @, it corresponds to the internal state of M during the simulation process. This
symbol is changed through a series of programs into the symbol ¢’ € @ if and only if M
changes its state from ¢ to ¢’ while the counter contents are also checked and modified

with an interplay of programs from the two cells of II.

For instance, let us see step by step how the simulation works when a transition rule
t € Trpo of M is considered. At the beginning of the simulation, the contents of the first
and second cells are the following: ge and ee, respectively. Remember, that the contents of
the ith counter is kept track in the environment in the form of ¢;, i € {1,2} objects. Since
t € Trpp, t has the following form: ¢ : (¢, z,i, B) — (¢/,0), v € ¥ U {e}, i € {1,2}, thus
there is at least one ¢; object in the environment. The following two tables summarize the
contents of the cells that are modified with an interplay of programs, whilst simulating ¢.
Table 3.1 represents the case, where x € 3, or in other words where an input character is

read, while table 3.2 represents the scenario, where x = €.

It clearly seems, that given the transition rule t : (¢, z,, B) — (¢’,0) the ¢ symbol inside
the first cell of II is changed to ¢’ if and only if M changes its state from ¢ to ¢, while

the cardinality of ¢; remains the same in the environment of II.

It is easy to see that other types of transition rules {t|t € Trp _1UTrp +1UTrz0UTTr; 11}
can be simulated with a similar terminology and thus the GenPCol automaton Il may
reach a final configuration after reading the whole input if and only if the simulated two-
counter machine is able to reach the internal state g; after processing the same input

string using its transitions from 7'r. O
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step | wy | wy | environment | unread part of tape (u) applied program
1. ge | ee G AUyt pea: (g — tre KN a)
2. ta | ee i Upest P2 (t e cya—t)
3. ot | ee t Upest pes (' =t ¢ —e)
e (e tie = ¢)
4. et | te € Upest per (t =" ¢ > e)
5. et" | t"e 1 Upest prs: (U > ee—e)
6. et | ee cit"” Upest pra: (" —ee > t")
7. t"e | ee & Upest pes (" = ¢e—e)
8. de | ee G Upest
Table 3.1: Simulation of ¢ : (¢, z,i, B) — (¢, 0), where x € X
step | wy | wy | environment | unread part of tape (u) applied program
1. | ge | ee ¢ Upest Peac (g — tie—e)
2. te | ee 1 Upest o (t <> cize — )
3. ct' | ee t Upest pra: (' = t"c—e)
e (e < tie = ¢;)
4. et" | te € Upest per (t =" ¢ <€)
5. et" | t"e ¢ Upest s (t" > e;e —e)
6. et | ee cit" Upest pra: (" —eje < t")
7. t"e | ee Ci Urest Dy (" = q5e —e)
8. de | ee ¢ Upest

Table 3.2: Simulation of ¢ : (¢, z,4, B) — (¢, 0),
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Chapter 4

Conclusion

Before drawing some general conclusions, we compare the generalized P colony automata
model with similar models studied earlier in the membrane computing literature. To this
aim we would like to give a short overview of the motivation behind the introduction of

the model of P automata.

4.1 Comparison with Similar Models

P systems were first introduced as a membrane structure with objects and rules without
any explicit reference to the “environment” in which the system is placed. This changed
with the introduction of so called symport/antiport P systems which are systems with
communication rules only, thus, in order to be able to execute meaningful computations
(computations which are more complex than that of a finite automaton), they needed
to rely on the environment for being the source of new objects to be introduced into
the system, see [15]. The role of the environment became even more significant with

the introduction of P automata, which are not only symport/antiport systems, but the
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all-tape/com-tape unrestricted
Sequential P automata r-1LOGSPACE L(RE)
Parallel P automata L(CS) L(RE)
genPCol automata L(REG) C - C r-1LOGSPACE L(RE)

Table 4.1: The computational power of genPCol automata compared to similar variants

of P automata. (L£(CS) denotes the class of context-sensitive languages.)

accepted language is defined through the interaction of the machine with its environment:
The accepted words (strings) are obtained from the sequence of multisets which enter the

system from the environment during a successful computation, [7].

P automata and generalized P colony automata are closely related. As the languages of P
automata are defined by the multisets they read from the environment, their basic variant
works as genPCol automata in the all-com mode. If they are allowed to discard some of
the symbols which they read from the environment, then they are allowed to not read
from the input string in certain computational steps, thus their operation resembles the
application of programs without tape rules, that is, the unrestricted x-mode of operation

of genPCol automata.

In Table 4.1 we compare our results with the power of the above described P automata
variants, also considering them with sequential (one rule in each region in each step) or

parallel (as many rules as possible) rule application.

In Table 4.2 we also compare the number of objects that these computational models
need in order to achieve the corresponding amount of power. Note that we consider the
number of objects inside the system. A genPCol automaton may be able to describe
nonregular languages with just a finite number of objects inside, because it manipulates
its environment in such a sophisticated manner that the “memory” or workspace it uses

is provided by the objects in the environment.
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all-tape/com-tape | unrestricted
Sequential P automata O(n) arbitrary
Parallel P automata o(2m) arbitrary
genPCol automata O(1) O(1)

Table 4.2: The number of objects inside the cells of genPCol automata compared to the
number of objects needed by similar variants of P automata during computations with

input length of n.

4.2 Future Work

As we have seen, primitive chemical components’ behaviour can be really complex, so
that they are even able to accept the class of recursively enumerable languages, given

that there are no restrictions on the content of programs.

Although, we have seen that genPCol automata are better from the point of view of
simplicity than several similar P automata variants, the fact whether this model is signifi-
cantly better in describing the problems arising at the study of Future Internet is still left
to be examined. Future research includes looking into other modes, especially where we
need every program to have at least one tape rule, determining their exact computational

power.
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Chapter 5

Summary

As aforementioned previously, the “Internet of Services”, where a myriad of services and
users are interacting autonomously would require relentlessly new approaches, such as new
architectures, new ways of managing data, new interfaces and new ways of integrating
all the different Internet entities. Service Oriented Architecture technologies are get-
ting favored in the context of Future Internet. In order to express service coordination,
decentralized, parallel and self-organizing systems are needed, such as nature inspired,

unconventional computing models that have recently become vogue.

A brief introduction was made to the chemical computational model and membrane sys-
tems (P systems) , P colonies in general. The chemical computational model is able to
relax the artificial sequentializing of algorithms by having parallelism as a property. P

systems are parallel abstract models, that take the inspiration of chemistry into account.

The merits of the writing were introduced through necessary definitions and some ex-
amples to the reader, that is, the generalized P colony automata (GenPCol Automata)
and three of their variants. Two theorems were proven regarding the computational ca-

pabilities of the variants of GenPCol Automata: The class of languages accepted by the
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subclasses, where programs are restricted is in the class of languages accepted by Tur-
ing machines with a one-way input tape using logarithmic space on the worktapes. The
next theorem states that the class of languages accepted by the subclass, where we allow
programs to consist no tape rules at all is equal to the class of recursively enumerable

languages.

We compared the computational power and the number of objects inside each cell of
GenPCol Automata with the corresponding results on related variants of P automata
(sequential and parallel). We have seen that GenPCol Automata have an essentially more
simple description than the other P system variants, that is, the number of objects inside
the system is bounded by a finite constant. If we consider an unrestricted ruleset, then all
the automata models resemble to each other, that is, they accept the class of recursively

enumerable languages, otherwise their computational power differ.
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