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Abstract

We study the computational power of string processing systeith excision
and insertion rules with communication. The strings arérithisted in different
regions, and the rules are defined by cutting out a substangdl by specific re-
peated symbols and a reverse operation; the rule only spetike repeated sym-
bol and the regions of reactants and products. It turns @tttkiey can generate
all recursively enumerable sets of non-negative integers.
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1 Introduction

Ciliates are a group of unicellular eucaryotes with a unitpesture: the gene
assembly. During the sexual reproduction the genetic mébion in ciliates is
being rearranged: blocks of DNA surrounded by certain rigggbsequences called
pointers are being reordered, and some of them are invektialv pointer-based
mathematical models have been introduced to explain tluisgss, such as the
intermolecular model, see [6], [7], and the intramoleculadel, see [2], [8].

Hence, we can say that the gene assembly in ciliates inspiragmber of
theoretical string-processing operations. Ciliate ofp@na are string processing
rules based on recombination at specific repeated substring

To introduce the operations in both models we need a few metioetl” be a
finite alphabet, then the set of words (also called stringsj b is denoted by *.
The circular string associated to a string= V* is denoted bysz; two circular
strings are considered identical if and only if they are aesged toxry andyx for
somez,y € V*. Consider a fixed bijective complement function V' — V
such that(c(a)) = a for all a € V. Then the complememta,,) - - - c¢(az)c(a; ) of
a mirror image of aword = aas - - - a,, is denoted byr.

Essentially the intramolecular model has rudes ins:

upv, epw =" upvpw, Q)
oupv, epw =" eupvpw, (2)
upvpw = upv, epw, 3)
supvpw =° eupv, epw 4)

for stringsu, v, w € V*,

and the intermolecular model has ruléshi, dlad:

uppw = uw, (5)

pup = o, (6)

upvpw =" uvw, (7)
upvquprqy =92%a  yzwoy (8)

for stringsu, v, w, z,y € V*.

Notice some “conservation laws” in the rules above: allpaftthe result ap-
pear in the reactants. In case one considers the first modes ioomputational
framework, one might assume the presence of an infinite gufglertain strings
as resources for computation. In the latter model, theralis@ne string consid-
ered, and the computation is limited to reordering, inngraind deleting its parts,
so when one speaks about its computational power, sometafiscreasing the
workspace is assumed.

Some universality results have been obtained for interoutde model, see [7]
and for intramolecular model, see [5] and [4]. All these t&sstely on contexts:
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whether some rule is applicable to the corresponding pairdepends on the
contexts surrounding them. We now eliminate the controldytexts by placing
strings in different regions and letting rules control theovement between the
regions. It turns out that such systems are still very pawerf

To describe such devices we use the framework of P systemgstéhss are
parallel distributed computational devices of biochemiiegpiration, introduced
by Gh. Paun, see [10] for a systematic overview and [12] éonjgrehensive bib-
liography. A system consists of a graph, objects placedginatles and processed
in parallel by the rules. The basic framework specifies eeithe nature of the
objects, nor the kind of rules used to process these objEetsughout this paper
we speak about (linear and circular) strings and intermdéeciliate operations.

The closest systems considered in the literature are sglRisystems, intro-
duced by Gh. Paun and T. Yokomori in [11], see also [10]. &dihh a ciliate
operation may be viewed as two synchronized splicing oeratsplicing seems
to provide much more control.

The structure of the paper is the following. In Section 2 weatethe tools
we use and give a formal definition of P systems with ciliaterapons, and in
Section 3 we show the power of these systems. We concludeciioSel by a
discussion on possible variants of the model and open qussti

2 Preliminaries

2.1 Basics

We denote the set of circular strings oveby O°.
The class of all recursively enumerable languages is ddmyt& /. The class
of all recursively enumerable sets of nonnegative integedtenoted byV RE.

2.2 Register machines
A (non-deterministic) register machine is a tuple= (n, @), qo, ¢r, I) where
e 1 is the number of registers;

e [ is a set of instructions bijectively labeled by elementg)ofof the form
(q:i0,q,q"), wherel <i<n,oe€{+,—},andq,q¢,q" € Q;

e (o € (Q is the initial label;
e ¢; € Qisthe final label.
The allowed instructions are:

e (q:1+,4¢,q") - add one to the contents of registeand proceed to instruc-
tion ¢ orq”;



e (q:i—,q4,q") - jump to instructiony” if the contents of registeris zero,
otherwise subtract one from it and proceed to instrucfipn

e (gs : halt) - finish the computation; this is a unique instruction withda
qy-

If a register machine starts from instructignwith all registers containing zero
and arrives to the instructiayy with the first register containing,;, we say that it
generates the number. Any recursively enumerable set of nonnegative integers
can be generated by a register machine; three registersesuffi

2.3 Operations and P systems

Our systems have multiple regions (cells) and a populati¢im@ar and circular)
strings associated to each region. The operations are ddfinspecifying the
regions of each reactant, the regions of each product, @pldimter defining the
place of excision or insertion.

An excision operation —, j/k is applicable to a stringpuvpw (or eupvpw)
in regioni; it yields stringsupw (or eupw, respectively) in region andepv in
regionk.

An insertion operatiory/k —, i is applicable to a pair of stringspw (or
eupw) in regionj andepv in region k; it yields a stringupvpw (or eupvpw,
respectively) in region.

Definition 2.1 A (tissue) P system with ciliate operations is a tuple
IT=(0,C,R,ip), where
e O is afinite set of symbols;

e (C'is afinite set of cells; each celle C' we associate a finite setf(c) of
strings fromO* U O°® present in infinite supply, and a finite multiség(c)
of strings fromO* U O°, representing its initial contents;

e IR is a finite set of excision and insertion rules;

e iy € Cis the output cell.

Remark 2.1 We additionally require thaf? cannot contain rulei —, j/k if
inf(7) contains some string of the formpvpw, u,v € O*. We also requite thak
cannot contain rulé/j —, k if bothinf(:) contains some string of the forapv,
u,v € O* andinf(j) contains some string of the formpy, =,y € O*.

This requirement is needed to make sure that only finite sailiof rules are
applicable to any configuration.



The rules are applied non-deterministically, in a maxisnptrallel way (the
set of applications of rules cannot be extended). The caatipathalts when no
rules are applicable. The result of a halting computatioa get of strings (or
lengths of strings) in cell,. The set generated LY is the union of the results
over all halting computations; we denote it byIl) (or N(II), respectively). If
instead of maximally parallel application of rules we calesiasynchronous way
(any number of rules can be applied), then we add superseyipto L or N in
the notation.

We denote the set of numbe®) generated by asynchronousyn) tissue P
systems with at most membranest(,,,) with linear and circular stringss{) and
ciliate operations with pointers of length at méskxcy, ins; ) and targetstar) by
N2Y" St P, (excy, insg, tar).

We replacem by x if we do not restrict it. We replacé&’ by L if we con-
sider generation of languages. We remesan if we consider maximally parallel
systems. We replacer by tar, if at most two different regions are present in
specifications of rules, or bytar if non-distributed systems are considered.

Remark 2.2 Since a rule involves three regions, one might argue thaeadsof
tissue it is more appropriate to call the underlying strueta network of cells,
see also [3].

3 Results

Theorem 3.1 N2¥"S,t P, (excy, insy, tar) = NRE.

Proof. Let L € NRE. Then there exists a register machile= (3, @, qo, g, I)
generating{n > 0 | n+ 11 € L} in the first register, halting with other registers
being empty. Consider the following P system:

II = (0,C,R,qy), where
C = {Q7Zq | q € Q} U {SamSAi

1 <i <3} U {test, fail},

cfg(qn) = {#A1a1A1A2a0A2A5a3A3#},
cfglqr) = {af[n<1l,ne L},
celc) = 0, ¢ {aarh
inf(s,,) = {ea;}, 1 <i <3,
inf(sa,) = {eAa;}, 1 <i<3,
inf(c) = 0, ¢ ¢ {sq;,54, | 1 <1i<3},

and the rules are listed and explained below.

Consider the string fromfg(qo). As it evolves throughout the computation,
its part between copies of; holds the value of registéiplus one, represented by
symbolsa; in unary.



For each instructiofy : i+, ¢, ¢") € I we have the following rules if:

(+1) q¢/Sa, —a, 4’
(+2) q/sai _>a7; qHI

For each instructiofly : i—, ¢, ¢") € I we have the following rules i&:

(-1) q —a, ¢'/test,
(-2) q —a, 2z4/test,
(-3) 2¢/54, — 4"
The setR also has the following rules:

(*1) test —, fail/fail,
(*2) fail/fail —,, test.
(*3) qo —4 test/test.

Suppose that the value of registers n;, for 1 < 5 < 3, and the state is.
Then the strings = #A,a7" ™ A Apaly? T Ay Aza® As#t = s1Aia) T Aysy is
present in celly.

If ¢ is assigned an instruction incrementing regigtehen one copy oba;
from cell s,, is inserted somewhere into the paft*' of s, and the resulting
strings, A;al" "2 A;s, is sent to either celf by (+1), or to celly” by (+2).

Consider the case whens assigned a conditional subtract instruction of reg-
isteri.

If n, > 0, then the correct simulation is the following:

SlAia?i—’_lAiSQ ing=0"Y slAZ-a?iHAZ-sz ing.

A string eq; is sent to celkest. If rule (—1) is applied to non-adjacent occur-
rences ofi;, then a string of more than one symhghppears in cellest, and the
computation never halts because of the rgigs and(«2). Notice that ifn; = 0,
then only one occurrence af is present, so—1) is not applicable.

If n, = 0, then the correct simulation is the following:

SlAiaiAiSQ in q :>(_2) 81142‘82 in Zq :>(_3) SlAiCLZ’AiSQ in qs.

A string e A;a; is sent to celltest. Then, an identical string from cedly, is
inserted, restoring the shape of the string. Notice that it 0, then then a string
of one A; and more than one symb@| appears in cellest, and the computation
never halts because of the rufed) and(x2).

Finally, when the computation o¥/ reaches the final state, the string repre-
senting the final configuration @i/ in the form

#A1a7f1+1A1A202A2A3&3A3#
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is present in cely; its length isn, + 11, wheren, is the number generated By.

Hence Il has a halting computation generating a number11,n > 0 if and
only if M has a halting computation generatimg.e., if and only ifn + 11 € L.
As for numbers smaller thanl, they can be generated By (and only they)
because the corresponding strings are already presepnt iWe only need to
mention that they are considered as a part of the result #ieosomputation may
always halt, i.e., by=3).

The maximally parallel nature of the computation is not isgplifor the theo-
rem above to hold. Indeed, any stringzinis generated from a linear initial string
by inserting strings present in infinite copies, and exgstrings that are never
inserted back; the only interaction between them is by ntakire that they do
not lead to an infinite computation. This is equally true feyrachronous systems.

O

4 Discussion

We showed the computational completeness of distributstegsys with ciliate op-
erations without contexts. Certain related questionsamently open and present
interest.

From the point of view of biological inspiration, it is inesting to consider
a dedicated region, called environment, and require thali iother regions only
finite multisets of strings are present.

Problem 4.1 Would this decrease the generative power of such systems?

Since P systems with ciliate operations are string-pracgskevices, it is nat-
ural to ask the following question.

Problem 4.2 What is the class danguagesharacterized by P systems with cili-
ate operations?

Clearly, Theorem 3.1 already implies non-recursivenessvé¥er, with ciliate
operations it seems to be very difficult to organize the autplinear order.

Other interesting questions come from an observation ggatlation by tar-
gets, i.e., specifying the regions of reactants and predafotach operation, pro-
vides a rather strong control. How does the power of P systath<iliate oper-
ations depend on the “amount” of control, e.g., considefdahewing question.

Problem 4.3 What is the computational power of ciliate operations of fibien
i —p i)J 1 =y Ji G —p /0,11 —p 3 i) —p 0] —p §7?

We expect such systems to be still quite powerful.
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Problem 4.4 What is the computational power of ciliate operations withtar-
gets?

In these case, it seems unlikely that some nontrivial coatfmrt can be per-
formed, since insertion operation has no context in eittvangs while excision
operation cannot control the excised segment.

If the demands or restrictions in the problems stated abowétao strong”,
the following extensions of the systems may be considered.

Extension 4.1 Using maximal parallelism.
Extension 4.2 Allowing pointers to be strings as opposed to symbols.

Extension 4.3 Allowing the two copies of a pointer in the semantics of tHe tol
be different, and specifying both in the rule.

We also mention some particular related observations.

Remark 4.1 It is easy to see that Theorem 3.1 holds also if rules of the for
i/j —, k are replaced by ruleg(u) —, k (“in a string from cell ; duplicate a
substringp and insert between these two copiepd specificstring «”). No
strings would then need to be present in infinite supply. kheee it would then
be explicit that different strings in the system do not iater

Remark 4.2 Excision and insertion can be defined on linear strings anlgtyle
of synchronized insertion/deletion, see [1]: rulgk —, i, applied toupw in
regionj andvp in regionk, yields a stringupvpw in regions, while rulei —,, j/k
has opposite effect. Itis easy to see that Theorem 3.1 tHda Wah linear strings
only.

Remark 4.3 Deterministic simulation of register machines is possibbee make
the following assumptions: (a) excision is not applicaldetie occurrences of
a pointer that do not contain other occurrences of the sameteq (b) the op-
erations are only defined as excising a circular string frorhireear string and
inserting a circular string in a linear string; (c) maximakpallelism.

Remark 4.4 In case of rules inserting and deletisgecificstrings, the computa-
tional completeness is achieved even in the non-distribcase, see [9].
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