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Abstract. Insertion and deletion are considered to be the basic opera-
tions in Biology, more specifically in DNA processing and RNA editing.
Based on these evolutionary transformations, a computing model has
been formulated in formal language theory known as insertion-deletion
systems. Since the biological macromolecules can be viewed as symbols,
the gene sequences can be represented as strings. This suggests that the
molecular representations can be theoretically analyzed if a biologically
inspired computing model recognizes various bio-molecular structures
like pseudoknot, hairpin, stem and loop, cloverleaf and dumbbell. In this
paper, we introduce a simple grammar system that encompasses many
bio-molecular structures including the above mentioned structures. This
new grammar system is based on insertion-deletion and matriz grammar
systems and is called Matriz insertion-deletion grammars. Finally, we
discuss how the ambiguity levels defined for insertion-deletion grammar
systems can be realized in bio-molecular structures, thus the ambiguity
issues in gene sequences can be studied in terms of grammar systems.

Keywords: bio-molecules, structure representation, insertion-deletion
systems, matrix grammars, ambiguity.

1 Introduction

In the last three decades, biology played a great role in the field of formal lan-
guages by being the root for the development of various biologically inspired
computing models such as sticker systems, splicing systems, Watson-Crick au-
tomata, insertion-deletion systems, p systems [3], [8], [9]. Since, most of the
language generating devices are based on the operation of rewriting systems, the
insertion-deletion systems opened a particular attention in the field of formal lan-
guages. Informally, the insertion and deletion operations of an insertion-deletion
system is defined as follows: If a string « is inserted between two parts w; and
wy of a string wyws to get wyaws, we call the operation as insertion, whereas if
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a substring ( is deleted from a string wiSws to get wiws, we call the operation
as deletion.

DNA molecules may be considered as strings over alphabet consisting of
four symbols namely a, ¢, g and c. Similarly, RNA molecules may be consid-
ered as strings over alphabet consisting of four symbols namely a, u, g and c.
Since the bio-molecular structures can be defined in terms of sequence of sym-
bols (i.e., strings) there exists a correlation between formal grammars and bio-
molecular structures. The following example shares a common point between
formal grammar and molecular strings. Consider the following gene sequence
S = ctatcgcgatag. Asa = t,t = a, § = ¢ and ¢ = g, the above gene sequence
resembles the context-free (palindrome) language {ww® | w € {a,b}*}.

The gene sequences in the bio-molecular structures can be viewed as strings
which has some common patterns in it. In [7], [6] it has been shown that there
exists a relevance between the gene sequences and natural language constructs
such as triple agreements : L1 = {a™b"c" | n > 1}, crossed dependencies:
Ly = {a™b™c™d™ | n,m > 1}. We discuss in brief some of the important
structures seen in bio-molecules. Fig.1. shows the two structures which are pre-
dominantly available in bio-molecules like proteins, DNA and RNA molecular
structures. Fig.2. shows the coherence between natural language constructs and
gene sequences. Fig.2.(a) and (b) represents the grammar oriented derivations
of idealized RNA structures (# denotes empty string) whereas Fig.2.(c) repre-
sents a biological sequence which has a crossed dependency pattern. The corre-
sponding languages for the above structures can be given as hairpin language
(for Fig.2(a)), orthodox language (for Fig.2(b)) and pseudoknot structure (for
Fig.2(c)). The formal language notations for such structures and for a few other
structures are discussed in detail in the coming sections. For more details on
Genome structures we refer to [2].

______

(a) (b)

Fig. 1. Bio-molecular structures: (a)stem and loop (b)pseudo-knot

In the last two decades, many attempts have been made to establish the lin-
guistic behaviour of biological sequences by defining new grammar formalisms
like cut grammars [4], [5], [6], crossed-interaction grammar [7], simple linear tree
adjoining grammars and extended simple linear tree adjoining grammars [15]
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Fig. 2. RNA structures

which are capable of generating some of the biological structures mentioned
above. However, there is no unique grammar system that encapsulate all dis-
cussed bio-molecular structures. This motivates us to introduce a simple and
powerful grammar systems that captures all the essential and important bio-
molecular structures.

Ambiguity is considered as one of the fundamental problems in formal lan-
guage theory. A grammar is said to be ambiguous, if there exists more than
one distinct derivation of the words in the generated language. As the insertion-
deletion system can be applied in DNA processing [8], the ambiguity in DNA
processing (which uses the insertion system) can happen in the following manner.
Let W1 W5 be a DNA strand and suppose we want to insert W3W,Ws between
W1 and W5 to obtain another DNA strand W1 W3W,W5W5. This can be done
first by inserting W5 between W and W, followed by inserting Wy between Ws
and Ws, followed by inserting W5 between W, and Ws. The other sequence would
be first by inserting W5 between W7 and W5, followed by inserting W, between
Wi and Wj, followed by inserting W3 between W7 and W,. This shows that am-
biguity in gene sequences is also possible (i.e., starting from one sequence we are
able to get another sequence in more than one way such that the intermediate
sequences are different). This motivates us to study about the ambiguity in gene
sequences by using Matrix insertion-deletion systems. Study of this concept of
ambiguity may be useful in considering inheritance properties and phylogenetic
trees [14]. More specifically, when these intermediate sequences are represented
as phylogenetic trees, we can see that the trees are different and thus it might
help us to identify the inheritance properties.

With the above mentioned details, in this paper we first introduce a simple
and powerful bio-inspired distributed computing model named Matrix insertion-
deletion systems. This model is obtained by combining insertion-deletion and
matrix grammars. Next, in Section 4 we show that the newly introduced vari-
ant can capture the various important and essential bio-molecular structures
described in DNA, RNA, protein like hairpin, stem and loop, ideal, orthodox,
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dumbbell, pseudoknot, clover-leaf, attenuator and non-ideal attenuator. In
Section 5, we analyze the application of ambiguity in gene sequences by using
the Matrix insertion-deletion system and discuss about the universality result
for the new system.

2 Preliminaries

We assume that the readers are familiar with the notions of formal language
theory. However, we recall the basic notions which are used in the paper. A
finite non-empty set V or X' is called an alphabet. We denote by V* or X*, the
free monoid generated by V or X, by A it identity or the empty string, and by
V*tor X the set V* — {\} or Z* — {\} . The elements of V* or X* are called
words or strings. For any word w € V* or X*, we denote the length of w by |w|.
For more details on formal language theory, we refer to [10]. RE represents the
family of recursive enumerable languages.

Next, we will look into the basic definitions of insertion-deletion systems.
Given an insertion-deletion system v = (V,T, A, R), where V is an alphabet,
T CV, Ais a finite language over V, R is a finite triples of the form (u, 3/, v),
where (u,v) € V*, (o, 8) € (VT x {A\}) U ({\} x V). The pair (u,v) are called
as contexts which will be used in insertion/deletion rules. Insertion rule will be
of the form (u, A/c, v) which means that « is inserted between u and v. Deletion
rule will be of the form (u, 3/A,v), which means that 3 is deleted between u and
v. In other words, (u, \/a,v) corresponds to the rewriting rule uv — uaw, and
(u, B/A,v) corresponds to the rewriting rule ufv — uv.

Consequently, for =,y € V* we can write ©+ =" y, if y can be obtained from
x by using either an insertion rule or a deletion rule which is given as follows:
(the down arrow | indicates the position where the string is inserted, the down
arrow |} indicates the position where the string is deleted and the underlined
string indicates the string inserted/deleted)

1. x = zyutvzs, y = T1uaVTe, for some x1, 79 € V* and (u, A\/a,v) € R.
2. = mufvre, y = r1utvzs, for some x1, 2o € V* and (u, 3/\,v) € R.

The language generated by -y is defined by
Liv)={weT" |z ="w, for some xz € A}

where =" is the reflexive and transitive closure of the relation =>. The family
of languages generated by the insertion-deletion systems is given as INS;" DELY
for n,m,p,q > 0, where n denotes the maximal length of the inserted string,
m denotes the maximal length of the context in insertion rules, p denotes the
maximal length of the deleted string and ¢ denotes the maximal length of the
context in deletion rules.

Next, we will look into the definition of matrix grammars. A matrix grammar
is an ordered quadruple G = (N, T, S, M) where N is a set of non-terminals, T
is a set of terminals, S is the start symbol and M is a finite set of nonempty
sequences whose elements are ordered pairs (P, Q). The pairs are referred to as
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productions and written in the form P — . The sequences are referred to as
matrices and written m = [Py — Q1, ..., P, — Q,], > 1. Some rules in a matrix
are exempted in applying the derivation if those rules are present in the set
appearance checking. The language generated by the matrix grammar is defined
by L(G) = {w € T* | S =* w}. The family of languages generated by matrix
grammars is denoted by M AT* (the \ on the upper index indicates that P — X
is allowed). For more details on matrix grammars, we refer to [1], [12].

The language of DNA can be considered over Ypya = {a,t,g,c}, where the
complementary can be given as: @ = t,t = a, § = ¢ and ¢ = g¢. Similarly,
the language of RNA can be considered over Yrnva = {a,u,g,c}, where the
complementary can be given as: a =u, 4 =a, g =c and ¢ = g.

3 Matrix Insertion-Deletion Systems

In this section, we introduce our new grammar system Matrix insertion-deletion
systems. A Matrix insertion-deletion system is a construct " = (V, T, A, R) where
V is an alphabet, T' C V| A is a finite language over V', R is a finite triples of the
form in matrix format [(u1, 81/a1,v1), ..., (Un, Bn/an, vn)], where (ug,vg) € V*,
and (ak, ﬂk) € (V+ X {)\})U({)\} X V+), with (uk, ﬂk/ak, ’Uk) € Ry, URDJ. UR]i/Dj,
for 1 < k < n. Here Rj, denotes the matrix which consists of only insertion rules,
Rp; denotes the matrix which consists of only deletion rules and Ry, /p, denotes
the matrix which consists of both insertion and deletion rules.

Consequently, for z,y € V* we can write t = 2/ —= 1/ = ... =y, if y
can be obtained from x by using the matrix consisting of insertion or deletion or
insertion and deletion rules as follows: (the down arrow | indicates the position
where the string is inserted, the down arrow |} indicates the position where the
string is deleted and the underlined string indicates the string inserted/deleted)

1. x =z1u1 l11111,2’()2‘..unvnilfz — x' = T1U1Q1V1U2 l‘..unvnxg — x” =
T1UI 1 V1U2C2V2... Un lvnxg :>* Y = T1U10101U2002V2.. . Un OnUn T2, for some
z1,T2 € V* and [(u1, M a1,v1), (uz, N az,v2),. .., (un, \/an,vs)] € Ry,.

2. = = x1u1B1v1uzB2v2.. . Un BrntnTs => &' = T1U1 lLvlugﬁgwg...unﬁnvnmg E
2" = zrurviug Ve Un BrnTs =" Y = T1U1V1ULVa...Un YUnx2 fOr some
z1,22 € V™ and [(u1, Bi/A,v1), (u2, B2/X,v2), .., (Un, Bn /X, vn)] € Rp;.

3. x=z1U1 lmugﬂgvg...unﬁnvnxg = 7/ = z1u101v1U2B2V2. .. Un BrUn T2 =

2 = zrurarvivg Mg tn Brvnts =" Yy = T1U1Q101U2V2. . Un YUn T, for

some z1,z2 € V* and [(u1, A/, v1), (uz, B2 /A, v2), oy (Un, Bn /A, vn)] € RI,;/DJ-

In a derivation step the rules in a matrix are applied sequentially one after other
in order and no rule is in appearance checking (note that the rules in a matrix
are not applied in parallel). The language generated by 7" is defined by

L(Y)={weT" |z =7} w, for some z € A}, where x € {I;,D;,1;/D;}

where =* is the reflexive and transitive closure of the relation =>. Note that
the string w is collected after applying all the rules in a matrix and also w € T™*
only. The family of languages generated by Matrix insertion-deletion systems is
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given as M ATINS;' DELY. The following example gives the clear understanding
of the Matrix insertion-deletion systems. Consider the triple agreement language
Ly = {a™b"c™ | n > 1}. The language L; can be generated by the following
Matrix insertion-deletion system 717.

Example 1. Ly = {a"b"c"” | n > 1} € 13. The language L; can be generated
by the Matrix insertion-deletion system 17 = ({a,b,c}, {a,b,c},{abc}, {R1, =
[(a, A/ab,b), (b, \/c,c)]}). A sample derivation can be given as follows:

atbe =R, aabb'c =R, aabbcc :>}‘211 a™b"c". The triple agreement lan-
guage has relevances to triple-stranded DNA [6]. If we include d in V', T, replace
the axiom as abed and Ry, as [(a, A/ab,b), (¢, A\/cd,d)] in 77 we can see that 17
generates quadruple agreement language {a"b"c"d™ | n > 1}. The quadruple
agreement language has relevances to quadruple-stranded DNA [6].

4 Representing Bio-Molecular Structures

In this section, we show that the Matrix insertion-deletion systems can capture
the important and essential biological structures discussed earlier in the paper.
In most of the following derivations, at each derivation step, we directly write
the resultant string obtained by applying all the rules in a matrix.

Lemma 1. The pseudoknot structure language Lps = {uvafo® | u,v € X%y 4}
can be generated by Matriz insertion-deletion system.

Proof. The language L, can be generated by the Matrix insertion-deletion sys-

tem Tps = ({b> l_)a Tla T2> TSa T4}7 {ba B}a {>‘a Tl TZ T3T4}> R)a where b € {CL, t>g> C}a l_) is
complement of b and R is given as follows:

Rh = [()\7 )‘/bv T1)7 (>‘7 )‘/67 T3)]7 RIQ = [()‘7 )‘/bv T2)7 (>‘7 )‘/Bv -|-4)}
RDl = [()\7 Tl/)\7 >‘)7 ()\7 T3/)\7 A)L RDQ = [(Av TQ/)‘v )‘)7 (>‘7 T4/)‘7 )‘)}
A sample derivation is given as follows:
Yritstata =R, aty Tt 15 T =R, ati gt f2t T ety =gy,
atigatatisctis =g, a'gatstbetts =gy, agattct?

The attenuator language in a molecular structure can be represented as Lg, =
{uiPua® | u € %y 4} The Fig.3. shows the attenuator structure.

Lemma 2. The attenuator language Lo, = {uufuu® | u € X%y} can be
generated by Matriz insertion-deletion system.

Proof. The language L, can be generated by the Matrix insertion-deletion sys-
tem Yy, = ({a,t,9,¢, 11,12}, {a, t, g, ¢}, {A, T172}, R), where R is given as follows:
Rl1 [(A )‘/a Tl) (Tla)‘/t >‘) )\,)\/CL, T2)3(T27>‘/tv )‘)]

)

(
[( ) ( (
[(A )‘/C Tl)a(-i_lv)‘/ga )7(>‘v )‘/Ca TQ)a(TQv)‘/ga
[E ) ( % ) (

R12 >‘ )‘/t Tl 5 lv)‘/a >‘)v )‘>>‘/ta T2)3(T27>‘/a )‘]
Rp, = A)]
RI4 = (A, )‘/97T1 T17)‘/C )‘)7 >\7)\/g,T2 , T27)‘/C )‘)]

Mt/ AN, (O 2/ A A)
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Fig. 3. Attenuator representation

A sample derivation is given as follows:
! T{ lT% =R, at T{ tat T% t =R, att T{ atatt T% at =gy, atct T{ gatatct
T%gat =R, atcg 11 cgatateg T2 cgat =g, ateg¥egatateg¥egat m|
Lemma 3. The non ideal-attenuator language Lpian = {utfu | v € X5y at

can be generated by Matriz insertion-deletion system.

Proof. The language Ly,;,n, can be generated by the Matrix insertion-deletion
system Vian = ({a,t,9,¢, 71,72}, {a, t, g, ¢}, {\, T1t2}, R), where R is given as

Ri, = [()‘7 )\/CL, Tl)v (Tlv A/tv )‘)7 (Av )\/CL, TZ)] R, = [()‘7 A/tv Tl)v (Tlv )\/CL, )‘)7 (Av A/tv TZ)]
Ri, = [()‘7 A/Cv Tl)v (Tlv A/gv )‘)7 (Av A/Cv TZ)] Ry, = [()‘7 A/gv Tl)v (Tlv A/Cv )‘)7 (Av )\/Q,TZ)]
Rp, = [()‘7 Tl/)\7 )‘)? ()‘7 TQ/)‘? )‘)]

A sample derivation is given as follows:

4 'H l'i‘g :>R11 al Tl t CLiTg :>RIQ atl 'i'1 atatng :>R13 CLtCL Tl gatatcng :>RI4

oufcgl t1 cgatatcngg =Ry, atcgc 1 gegatategeta =Rp, atcgc&gcgatatcgcu O

Lemma 4. The hairpin language Ly, = {w = 0 | w € X5ya} can be gener-
ated by Matriz insertion-deletion system.

Proof. The hairpin language Ly, = {w = 0’ | w € Y} na) can be generated by
the Matrix insertion-deletion system 13, = ({b,b, 1}, {bb}, {)\,b T b}, R), where
b€ {a,t,g,c}, bis complement of b and R is given as follows:

Ry, = [(Av )‘/ba T)a (Ta >‘/l_)> A)L Rp, = [()‘7 T/)‘7 A)}

A sample derivation is given as follows:

attht =Ry, att tat =R, atgTcal =g, atgeg¥egeat m|
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Lemma 5. The stem and loop language Ly = {uvuf | u,v € ¥4} can be
generated by Matrix insertion-deletion system.

Proof. The stem and loop language L, can be generated by the Matrix insertion-
deletion system Yy = ({b,b, 1,2, 3}, {b, b}, {\, b 11 f3 T2 b}, R), where b €
{a,t,g,c}, bis complement of b and R is given as follows:

Ry, = [(Aa )‘/b> Tl)a (T2> A/Ea )‘)]v Ry, = [(Aa )‘/b> T3)}
RDI - [(Aa T1/>‘v )‘)7 (>‘a T2/>‘v )‘)]a RD2 = [()‘7 T3/)‘7 A)}

A sample derivation is given follows:
a' f1 13 tht =>p,, actitst2 gt =>g,, actitts fagt =g,
acf1tets 29t = rp, aca'te ts gt = Rp, acatc gt a

The dumbbell language in a molecular structure can be represented as Lg, =
{uufvo? | u,v € X%ya}. The Fig.d. shows the pictorial representation of
dumbbell language.

T

agatcttgateca

Fig. 4. Dumbbell representation in bio-molecular structures

Lemma 6. The dumbbell language Lgy = {uafvvf | u,v € X%ya} can be
generated by Matrix insertion-deletion system.

Proof. The dumbbell language Lg, can be generated by the Matrix insertion-
deletion system Yap = ({ba ba Tla TZ}v {b> b}a {)‘7 T1T2}7 R)a where b € {CL, l,g, C}a b
is complement of b and R is given as follows:

Ry, = [()‘7 )‘/bv T1)7 (Tlv )‘/67 A)L Ry, = [()‘7 )‘/bv T2)7 (T27 )‘/67 A)]

Rp, = [()‘7 Tl/)‘7 A)L Rp, = [()‘7 TQ/)‘v )‘)]

A sample derivation is given follows:
Y4 o =g, atit'ts =g, atitgt 15 c =g, atitgets ge =>ny,
avtgety ge = Rp, atgelge a

Definition 1. A string w over a complementary alphabet X is called ideal iff
|wlp = |wlg for all b € X. A language is ideal iff it contains only ideal strings.

Lemma 7. The ideal language L;q can be generated by Matrix insertion-deletion
system.

Proof. The ideal language L;q can be generated by the Matrix insertion-deletion
system Viq = ({b,b}, {b,b},{\}, R), where b € {a,t,g,c}, b is complement of b
and R is given as Ry, = [(\, A/b, ), (A, A\/b, \)].

A sample derivation is given as follows:

AL =Ry, altt =R, ozcltgl =Ry, ozctltgal =R, aclclgag o
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Definition 2. A string w over a complementary alphabet X is called orthodox
iff it is (i) the empty string €, or (2) the result of inserting two adjacent comple-
mentary element bb, for some b € X, anywhere in an orthodox string. A language
s orthodoz iff it contains only orthodox strings.

Lemma 8. The orthodox language L,q can be generated by Matriz insertion-
deletion system.

Proof. The orthodox language L,q can be generated by the Matrix insertion-
deletion system Y,q = ({b,b}, {b,b},{\}, R), where b € {a,t,g,c}, b is comple-
ment of b and R is given as Ry, = [(A, \/bb, \)]. A sample derivation is given as
Al =R, att =Ry, a‘tge =Ry, atatgct = R,, atatgccy O
The cloverleaf language in bio-molecular structures is represented as L. =
{uvofveolt, . v, 0Bal | w,v1, 00,03, 0 € XHna,n > 0} The following
Fig.5. represents the diagramatic representation of cloverleaf language for n = 3.

Fig. 5. Cloverleaf representation(where A = v191%, B = 0205, C' = v37%)
Lemma 9. The cloverleaf language Lo = {uv10fveo, ... v, 00 | u, vy, v, ...,
U € Xhnasn > 0} can be generated by Matriz insertion-deletion systems.

Proof. The cloverleaf language L. (for n = 3) can be generated by the Matrix

insertion-deletion system Yy = ({b,b, t1, T2, T3, T4, T4, 75}, {0, b}, {\, b 11 T2b, T3 14
5,011 T3 T4 T5 T2 b}, R), where b € {a,t,g,c}, b is complement of b and R is

Ry, = [(Aa )‘/b> Tl)a (T2> A/éa )‘)]v Ry, = [(Aa )‘/b> T3)a (J[Sa )‘/éa )‘)]
RI3 = [(Aa )‘/b> T4)a (T4> A/ba )‘)]v RI4 = [(Aa )‘/b> T5)a (J[Sa )‘/ba )‘)]
RD1 = [()\7 Tl/)\7 )‘)7 ()\7 T?/)H )‘)]7 RDQ = [(A7 -|-3/)‘7 )\)]
Rp, = [()‘7 T4/)‘7 A)] Rp, = [()‘7 T5/)‘7 A)]
A sample derivation is given as follows:
al tits tats T t =>r,, act T1 i ta fs 1 gt =>ri, acg 1115 fats fo cgt
=R, acg 71t 13 at 1 15 12 cgt =Ry, acgT1tT3a cia gt 1t tacgt =Ry,
acg T1t 13 acts gatist 2 cgt =gy, acg't 13 acty gats thegt = Rp,
acgt¥ac 14 ga 15 tegt = Rp, acgtacga ts tegt = Rp, acgtacgategt a

5 Ambiguity Issues in Gene Sequences

In this section, we study the application of various ambiguity levels of insertion-
deletion systems introduced in [II]. Since the Matrix insertion-deletion systems
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is an extension of insertion-deletion systems, the ambiguity levels defined for
insertion-deletion system even holds for Matrix insertion-deletion systems also.

Level 0: The Matrix insertion-deletion systems is said to be 0-ambiguous if
the same string can be derived from two different axioms. Consider the gene
sequence actgagct in ideal language. This sequence can be generated by the
Matrix insertion-deletion system 14 from two different axioms at and ta such
that the same string is obtained at the end of the derivation. The two different
derivations which differ by axioms are given as follows:

Derivation 1 : at' = altlgc - actglgcl = actgagct
Derivation 2 : ta' = tatgc = ctagget = actaggct

Level 1: The Matrix insertion-deletion systems is said to be l-ambiguous if
there are two different derivations for the same string which differs by the order
of string inserted/deleted. Consider the gene sequence aagtt in stem and loop
language. This sequence can be generated in two ways by the Matrix insertion-
deletion system 7§;. Note that the axiom for both derivation is same. The two
derivations are given as follows:

Derivation 1 : a' T1 13 T% t =g, aa T{ Ta fo tt =R, G T19 T3 tatt = Rp,
aa'y Tg tt = Rp, aag*tt (order of insertion is a and g)
Derivation 2 : a T{ T3 T2t =Ry, at 11913 T%t =Ry, aa 119 {3 T2lt = Rp,
aa'y Tg tt =gy, aag¥tt (order of insertion is g and a)
Level 2: The Matrix insertion-deletion systems is said to be 2-ambiguous if
there are two different derivations for the same string which differs by the order
of contexts used for insertion/deletion. Consider the gene sequence ctaatcgg in
cloverleaf language. This sequence can be generated in two ways by the Matrix
insertion-deletion system 1,;. The two derivations are given as follows:
Derivation 1 : ¢ H Ti Tats T2 g =R, cT1l13 at Ti T5 129 =Ry, cT1t 1300
fat' 15 fog =y, chittsaatatets gtz 9 =>ny, tizaatstets gy
= Rp, cttaatstets gg = Rp, ctaa‘te ts gg = Rp, ctaatctgg
Derivation 2 : ¢ 11 13 Ti Té T2 9 =R, cT1 Ti Ti ci59T29 =R, € T{ Téa Tatc
159129 = Ry, chitisaatatcts gta g = rp, tisaatstets gvg = gy,
cttaatstets gg =>Rp, ctaa‘tc ts gg =>Rbp, ctaatctgg
Note that the contexts chosen are of different order in each derivation. The
Level 2 ambiguity can be pictorially represented as shown in Fig.6. Fig. 6(a)
corresponds to derivation 1 and Fig.6(b) corresponds to derivation 2. This picture
suggests a way of handling ambiguity issues in gene sequences and how they can

be interpreted and what could be the intermediate sequences of genes in its
sequence process.
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Fig. 6. Ambiguity in cloverleaf language

Level 3: The Matrix insertion-deletion systems is said to be 3-ambiguous if there
are two different descriptions for the same string which differs by the position
where the string is inserted/deleted. Consider the string gctagceat in orthodox
language. This string can be derived in two different descriptions by 1,4 The
two different descriptions are given as follows:

Description 1 : ta =Ry, getat =Ry, gctaget =R, gctagcat
Description 2 : ta* =Ry, ltozgc =Ry, gctagcl = R,, gctagcat

Note that the axiom, order of insertion of strings, order of contexts (here (A, A))
all are same in both derivations, but the position of insertion is different in each
derivation.

From the above results we can see that there may be more than one way that
a gene sequence can be processed.

5.1 TUniversality of Matrix Insertion-Deletion Systems

Though our aim in this paper is not to analyze the introduced system with
respect to Chomsky grammars, we provide the following trivial universality result
in order to show that our new system is computationally complete.

Lemma 10. RE C MATINS! DEL}

Proof. In [13], it is proved that RE C INS] DEL}. Since each rule of insertion-
deletion system can be considered as a set of matrices with each matrix consisting
a single rule, the above result is true for Matrix insertion-deletion systems also.

O

6 Conclusion

Insertion-deletion systems were defined and motivated by the way DNA strands
are inserted and deleted. The bio-molecular structures like pseudoknot, atten-
uator, non-ideal attenuator are beyond the scope of context free grammars.
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The bio-molecular structures like hairpin, stem and loop, ideal languages are
within the power of context free grammars. We have defined a simple and pow-
erful grammar system named Matrix insertion-deletion system. This is a unique
grammar system which encompasses all the important biological structures that
can be found in DNA, RNA, protein and other bio molecules. No other grammar
system captures all the above discussed bio-molecular structures and therefore
this new grammar system deserves a special attention. We have also shown the
application of various ambiguity levels of insertion-deletion systems in gene se-
quences and how the ambiguity can be interpreted in gene sequences. As a future
work, it is worth to analyze the closure properties and generative capacity of the
introduced Matrix insertion-deletion systems.
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