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Sticker systems have been introduced by Kari in 1998as an abstract computational
model which uses the Watson-Crick complementary principle of DNA molecules:
starting from the incomplete double stranded sequences and iteratively using sticking
operations, complete double stranded sequences are obtained. It is known that sticker
systems with finite sets of axioms and sticker rules generate only regular languages.
Hence, different types of restrictions have been considered to increase the
computational power of sticker systems. Recently, probabilistic sticker systems have
been introduced where the probabilities are initially associated with the axioms, and the
probability of a generated string is computed by multiplying the probabilities of all
occurrences of the initial strings in the computation of the string. In this paper, some
properties of probabilistic one-sided sticker systems, which are special types of
probabilistic sticker systems, are investigated. We prove that probability restriction on

one-sided sticker systems can increase the computational power of the languages
generated.
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INTRODUCTION

One of the early theoretical proposals for DNA based computation was given by Head in 1987, known as
the splicing systems. There is in fact another method of DNA computing, known as the sticker systems. A sticker
system is a model of the techniques used by Adleman in his experiment of computing a Hamiltonian path in a
graph by using DNA molecules [1]. The structure of DNA is a double helix (helicoidal) which is composed of
four nucleotides: A (adenine), C (cytosine), G (guanine), and T (thymine), which is paired as A-T, C-G
according to Watson-Crick complementary[2].

The concept of sticker systems as a language generating model based on sticker operations was first
proposed by Kari [2].The axioms and strings generated by a sticker system are considered as encoded models of
single and double stranded DNA molecules. Moreover, the sticker operations have the advantages over splicing
operations used in splicing systems because the sticker operations require no strands extension and use no
enzymes [3].In sticker systems, the initial sequences of DNA are prolonged to the left and right, producing
computations of possible arbitrary length and the process stop when a complete double stranded sequence is
obtained and no sticky ends exist [2].

One-sided sticker systems were first considered in [2]. When forming new complete double stranded
sequences, the initial strands called axioms and well started sequences are utilized and prolonged either to the
left or to the right direction by the process of the sticker operation 4 [4]. Starting from the axiom and

iteratively using the operation of sticking, strands are prolonged in order to obtain a complete double stranded
sequence.In probabilistic sticker systems, the probabilities are initially associated with the axioms, and the
probability of a generated string is computed by multiplying the probabilities of all occurrences of the initial
strings in the computation of the string.

Sincesticker systems with finite sets of axioms and sticker rules generate only regular languageswithout
restrictions [5], monoids[6] and permutation groups [7] had been associated to generate more powerful
languages than regular languages. However, the languages produced only up to context freeCF languages.
Hence, probability has been introduced to increase the computational power of the sticker language generated
up to recursively enumerable RE languages. In probabilistic sticker systems, the probabilities are initially
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associated with the axioms, and the probability of a generated string is computed by multiplying the
probabilities of all occurrences of the initial strings in the computation of the string. Probabilistic sticker systems
are suitable models for stochastic processes, and on the other hand, the use of different cut-points with the
languages generated by probabilistic sticker systems allows the producing of hon-regular languages [8].

In this paper, we consider probabilistic sticker systems to introduce a new variant of sticker system, called
probabilistic one-sided sticker systems. In such system, the probability p(z) of the string z generated from two
strings x and y is calculated from the probability p(x) and p(y) according to the operation * defined on the
probabilities, i.e. p(z) = p(x) * p(y). Then the language generated by a probabilistic one-sided sticker system
consists of all strings generated by the one-sided sticker systems whose probabilities are greater than (or smaller
than, or equal to) some previously chosen cut-points.

In this paper, some necessary definitions ofsticker system and probabilistic sticker system are stated. Next,
the definitionsand some examples of probabilistic one-sided sticker systems are presented and some basic
results concerning the generative power of probabilistic one-sided sticker systemsare established. The
conclusion of this research is then discussed at the end of the paper.

Preliminaries:
In this section, we recall some definitions of sticker system and probabilistic sticker system.

Definition 1[2]:
A sticker system is a construct of 4-tuple
7 = (\/1 p: A! D)!

whereV is an alphabet, p <V xV is the symmetric relation in vV, Ais a finite subset of axioms (W (V)) and

D is a finite set of pairs B,,B, where B ,and B, are finite subsets of lower and upper stickers of the forms

#Y VY
(Vj and ( j , respectively. A language resulting from a sticker system is called a one-sided sticker
#

language (OSSL) if for each pair (u,v) € D, we have eitheru=Aor v=A1.

Definition 2[4]:

A sticker language (SL) is the language generated by a sticker system which consists of all strings formed
by the set of upper strands of all complete strings derived from the axioms for which an exactly matching
sequence of lower stickers can be found.

Definition 3[8]:

A probabilistic sticker system (pSS) is a 5-tuple

v = V.04, Dp,p),
whereV is an alphabet, p  V x Vis the symmetric relation in V, A,is a finite subset of axioms (W, (V) x
p).D, is afinite set of pairs [(B; X B,) X p] where B; and B,are finite subsets of lower and upper stickers

#\* T
of the forms (V) and (#) respectively and p : V* - [0,1] is a probability function such that
S epGea, p, PO = 1.

Definition 4[8]:

The probabilistic sticker language is defined as
pSL(y) = {y € WK,(N)|(x,p(x)) = (v, p(»))for(x,p(x)) € 4,}.

In order to increase the generative power of probabilistic sticker systems, we consider a threshold
(cut-point) sub-segments and discrete subset of [0, 1] as well as real numbers in [0, 1].

Results:

In this section, some preliminary results regarding probabilistic one-sided sticker systems are discussed and
proved. Here, OSSLandpOSSLdenote the families of languages generated by one-sided sticker system and
probabilistic one-sided sticker systemrespectively.
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Definition 5: Probabilistic One-Sided Sticker System (pOSSS)

A probabilistic one-sided sticker system is a construct of 5-tuple
r,=V,p,A,,D,, p),
whereV is an alphabet, p <V xV is the symmetric relation inV , A_is a finite subset of axioms (W (V)x p)

and D, is a finite set of pairs [(B,,B,)xp] where B, and B, are finite subsets of lower and upper

#Y (VY
stickers of the forms ( j or( j respectively and p:V"~ —[0,1]is a probability function such that
Vv #

> p(x)=L

(x.p(x))A, D,

Definition 6: Probabilistic One-Sided Sticker Operation (pOSSO)

For the axioms (X, p(x)) € A and [(u, p(u)), (v, p(V))]e D,

[x pC)]=[y. p(Y)]

if and only if

1 (y, p(y)) = pl(u, p(u)), 14(x, p(x)), (v, p(v))}and  p(y) = p(u)- p(x-Vv).
2) (Y, p(Y)) = al (X, P(x)), (U, p(U))}, (v, p(v))]and  p(y) = p(x-u)- p(v).

Definition 7: Probabilistic One-Sided Sticker Language (pOSSL)

The language generated by the probabilistic one-sided sticker system is defined as

POSSL(y) ={y e WK (V) | (x, p(x)=(y, p(y)) for (x, p(x)) € A }.

The families of recursively enumerable and context-free languages are denoted by RE and CF respectively.
Further we cite the results of our paper.

The next theorem shows that probabilistic one-sided sticker systems are more powerful than the usual
one-sided sticker systems:

Theorem 1: OSSL — pOSSL

Proof:
Consider a one-sided sticker system y = (V, p, A, D) . Then the language generated by the sticker system y is

OSSL(y) = {z eWK (V)| x=>z,xe A}.
Let v, = (V, P A.D, p) be a probabilistic one-sided sticker system where

A ={(x,p(x)Ix eAl<i<n)}, D ={(u,p(y)).(v, p(v,))lu,v,eDi<i<n}and p(6)=1/m for

all 1<i<n,@e{xu,v},then
2 r(0)=1.

The language generated by the probabilistic one-sided sticker system y;:

PSL(y,, *a)={zeWK (V)| [x,p(x)]; [z, p(z)]for[x,p(x)] € A } where

p(z)=p(x)-p(z) p(z,)p(z,)for 7,,7,,....7, €D,
We define the threshold language generated by y; as pOSSL(y;,> 0), then it is not difficult to see that
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0SSL(y) = pOSSL(y;,> 0).
Next, some examples of probabilistic one-sided sticker languages are illustrated in the following.

Example 1:
Given a probabilistic one-sided sticker system y, = {V,p, A.D, p}where

VvV ={a,b},
p={(a,a),(b,b)},

O]
2O E e 2

For the given sticker system, we start the computation with the axiom in A being attached to its
complementary axiom from D. The first step of computation starts with prolongation to the right side and it is
shown below:

EIC)ZHEG 2RO )

The computation is complete when a complete double strand sequence is obtained, that is when no sticky
end exists in the string. Here, sticky end still exists from the first step. Therefore, the computation has to be
continued until the double strand sequence is obtained.

For this example, the second step of the computation is shown in the following:

{ERCCCIHEN - ORC ) ) Gl

To obtain a complete computation on the right side, the sticking operations have to follow the above steps.
Now, to obtain a complete computation on the left side, the computation follows the steps below:

[ ZHOC S0 G G

06 G000 CIEIE)

n
2 3.7-5-11
By joining both stickers, the complete double strand string with the probability {()( j }is
28 28

D

obtained. Then the language produced is
k m k m
2 3.7 5.11 2 3.7 511
28/ \ 28 28 28/ \ 28 28

We can iteratively prolong a complete double strand DNA sequences to generate the general form of the
language produced using the same sequences as done earlier.

We can produce a language of sticker system as L(y, p) :{aznb2n | n>1when the probability p is equal to
( 2 j (3%541)”
28 28 '

From (1) and using the threshold properties, we can conclude the following:

i: 7=0=L(y,=0)=0¢cREG,

ii: 7>0,= L(y,>0)=L(y) € REG,
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n
2)(37511
i ﬁ:{(zsj( o j In>1},= L(7,ﬁ)={a2nb2”|n21}eCF—REG,

n

2 )(3.7511

iv: 777&{(28)( 7 j In>1},= L(y,ﬁ):{akbm|k>le}U{akbm|m>k21}€CF—REG.
28

Example 2:
Given a probabilistic one-sided sticker system y, = {V,p, A.D,, p} where

VvV ={a,b,c},
p={(a,a),(b,b),(c,c)},

i)
o= )5 HC) 3 ) M) () )

For the given sticker system, we start the computation with the axiom in A being attached to its
complementary axiom from D. In this example, there are two cases. The first step of each case of computation
starts with prolongation to the right side and it is shown below.

— e
HE) RO =R ) G

The computation is complete when a complete double strand sequence is obtained, that is when no sticky
end exists in the string. Here, sticky end still exists from the first step. Therefore, the computation has to be
continued until the double strand sequence is obtained.

For this example, the second step of the computation is shown in the following:

CLEEHE-CLEHEE)

To obtain a complete computation on the right side, the sticking operations have to follow the above steps.
To obtain string a®b™ we continue the computation as below:

{CEEEEHLEIFEEEEEIE)
G EEEEHDEN-
(DGEEEEE)

o (2 (s (Nt
Hence, the complete double strand string with the probability ; . p— ; is obtained.

Then the language produced is {L(;/z, p) = aZ¥p™

RGHE

k,m> l} where
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s [[13]
16 2H 100 () ()

The computation is complete when a complete double strand sequence is obtained, that is when no sticky
end exists in the string. Here, sticky end still exists from the first step. Therefore, the computation has to be
continued until the double strand sequence is obtained.

For this example, the second step of the computation is shown in the following:

{IHEHFIOREE)

To obtain a complete computation on the right side, the sticking operations have to follow the above steps.

m_2r

To obtain string b™c™" we continue the computation as below:

LIEHIHEEH- L REEE)
CIEHEDHEE GO R EEIE)

o (3 (T (a7t
Hence, the complete double strand string with the probability<| — |- is obtained.

77 77 77

m _2r

Then the language produced is {L(;/z, p)=bc
-GGG
77) \ 77 77 77 '
Then, by joining both complete string from
v (2 (5 (13271 (11.10)"
Case 1 ab',|—||—]| |— : - and Case 2
77 77 77 77
(GG GG
b"c d— 1] — ] — . - ,
77 77 77 77

the language produced is

23) (5 (132K~ (12.19)°"
k,m,rzl} , where p=2|—||—=1| | = N ik .
772 ) \17 7 772
7 r 17 2r-1
(5) (Ej '

Using the threshold properties, we can conclude the following:

m,r 21} where

L(J/zy p) _ {azkamCZr

i: n>0=L(y,,>0)=L(y,) € REG,

ii: 7>0=L(y,,>0)=L(y,) € REG,
iii
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n 2n 2n-1
2.3 57 \'(11.19 )" (1317
r7={—}[—] [—J [—] n>1t= L(yz,ﬁ)z{aznbzncznlnzl}eCS—REG,
772 \77%2 ) \ 772 772

n 2n 2n-1
2-3 ) 5.7 11.19 13.17
iv: = {(—j(—j [—j (—] n>1l,= L(yz,ﬁ) = {a2kb2mc2r |k>m>r > 1} v
7> N\77? ) \ 172 77°

{ aZkbzmc2Ir |k>r>m > 1} ) { aZkbzmc2r |[m>k>r > 1} v { a2kb2m02r |[m>r>k > 1} V)

{ a?*p2Me2" rskom > 1} U { aZ*p2Me2" sk > 1} U e CS - REG.

From the examples, we obtain some propositions as stated below:

Proposition 1:
For any probabilistic one-sided sticker system y the threshold language L (7, = o) is the empty set,

i.e. L(y,=0)=@

Proposition 2:
If for each prolongation in a probabilistic one-sided sticker systemy, p(r) <1, then every threshold
language L (»,> ») with 77 > Ois finite.

The language generated by probabilistic one-sided sticker system is up to the families of context-sensitive
languages according to the Chomsky hierarchy, sincethe sticker operation does not contain the erasing rule
which is needed to generate the recursively enumerable languages. Hence,

Conjecture 1: pOSSL c CS.

From Conjecture 1 and example 2, the following conjecture shows that probabilistic one-sided sticker
systems can generate some non-context-free languages:

Conjecture 2: pOSSL —CF = <.

Conclusion:

In this paper, the definition of a new restriction of one-sided sticker systems, namely probabilistic one-sided
sticker systems, has been introduced. Here, some preliminary results on the generative power of one-sided
sticker systems have also been established. It has been shown by the examples that the probabilistic extension of
sticker systems can increase the computational power of sticker systems up to the context-sensitive languages.
By increasing the computational power of the sticker system, the capability of generating DNA based computer
is brighter. DNA based computers are important as it can run with high speed and the capability of memory
information are enormous. Even though the probabilistic variants that have been proposed in this paper are not
so much powerful (inferior) as compared to the other extended or restricted variants in the literature review, the
probabilistic modification in one-sided sticker system is very useful in the study of stochastic and uncertainty
processes.
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