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Abstract. Gene insertion and deletion are considered as the basiatmpey in
DNA processing and RNA editing. Based on these evolutioti@ysformations,
a computing model has been formulated in formal languagerghknown as
insertion-deletion systems. Recently, in [6], a new computing model narited
trix insertion-deletion system has been introduced to model various bio-molecular
structures such abairpin, stem and loop, pseudoknot, attenuator, cloverleaf,
dumbbell that occur at intramolecular level. In this paper, we modehs of the
intermolecular structures such dauble strand languages, nick languages, hybrid
molecules (with R-loops), holliday structure, replication fork andlinear hybridiza-
tion (ligated) languages using Matrix insertion-deletion system. In [2], the ambi-
guity in gene sequence was defined as deriving more than st for a single
gene sequence. Here, we propose a different view of undeistathe ambiguity
in gene sequences: A gene sequence is obtained by more thamagrsuch that
their intermediate sequences are different. We furthessdiathe ambiguity into
many levels based on the componeatsom, string (order of deletion/insertion)
and contexts (order of the used contexts). We notice that some of the e
intramolecular structures obey the newly defined ambidaitgls.

Keywords. insertion-deletion systems, intermolecular structuaeshiguity, matrix
grammars, gene sequences

Introduction

Insertion-deletion systems are introduced to theordyiealalyze the insertion and dele-
tions operations that take place in gene sequences. Infigrih& insertion and deletion
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operations of an insertion-deletion system is defined dsvist If a string/s is inserted
between two parts; andw- of a stringw; w» to getw, Sw,, we call the operation as in-
sertion, whereas if a substrinagis deleted from a string; aw- to getw; w», we call the
operation as deletion. These systems opened a partictéatiah in the field of formal
languages as the system is not exactly based on rewritingrsgs

As DNA and RNA molecules can be considered as a sequence obodym
(i.e., strings) oveHa,t, g,c} and{a,u, g, c} respectively, problems that exist in such
molecules can be studied using formal grammars. The fatigwikxample withesses the
correlation between formal grammars and bio-moleculactiires. Consider a context-
free languaggww? | w € {a,b}*} wherew’ is the reverse ofv. Consider the fol-
lowing gene sequenggatgcgcatge. As the complementary paits=t,t = a, g = ¢
and¢ = g, the above gene sequence resembles a word in the palindesrgeage
{wo? | w e {a,t,g,c}*}.

There exist some relations between intramolecular gengesegs and natural lan-
guage constructions such @iple agreements : {a"b"c™ | n > 1}, crossed dependen-
cies. {a"b™c™d™ | n,m > 1} andcopy language: {ww | w € {a,b}*} [1], [2]. In be-
low, we discuss briefly some of the important intra and inteaular structures that are
predominantly available in bio-molecules such as proeMA and RNA. Fig.1 shows
the intramolecular structures (sem and loop, (b) cloverleaf and (c)dumbbell. Note
that these structures can be represented by context-fagenggirs. However, there are
some more structures that occur frequently in bio-molexwleich cannot be modelled
by context-free grammars. Fig.2 represents such intrasutzalestructures (gjseudoknot
and (b)attenuator. In Fig. 1(a) and Fig. 2, the strings are obtained by readiegslym-
bols as per directed dotted lines. The striggucaag (refer Fig. 2a) represents the pseu-
doknot structure, the stringgaucuaga (refer Fig. 2b) represents the attenuator structure
and they resemble the crossed dependency language angthiacguage respectively.
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Figure 1. Intramolecular structures: (a) stem and loop (b) clovérieadumbbell

In RNA, the gene sequences are mostly intermolecular rafiaer intramolecular.
Such intermolecular structures are modelled by cuttingitt@molecular secondary
structures randomly by leaving some open points such theg pairing can be done
at these open points. Fig.3 represents some of the intecoiatestructures (aflouble
strand languages and (b)nick languages where the cut takes place at arbitrary position
is represented by a. In Fig.3 S, stands for the non-terminal in their corresponding
context-free grammar.

Inthe last two decades, attempts have been used to modeitiesand inter molec-
ular structures by defining new grammar formalisms Gkessed-interaction grammar
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Figure 2. Intramolecular structures: (a) pseudoknot structure tfBhaator
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Figure 3. Intermolecular structures: (a) double stranded moled)l@itk language

[4], smple linear tree adjoining grammars and extended simple linear tree adjoining
grammars [11]. In [3], cut grammars, ligation grammars were defined specifically to
model intermolecular structures. However, there is no umigrammar system that en-
capsulates all essential and important (intra/inter)rbaecular structures. For example
double copy language cannot be modelled by a simple linearddjoining grammar
[11].

Very recently, in [6] a new simple and powerful biologicallyspired comput-
ing model namel\Matrix insertion-deletion system has been introduced by combining
insertion-deletion system and matrix grammar with a stroragivation to model the
above mentioned intramolecular structures in terms of daggs. Though, insertion-
deletion system itself is computationally complete, angrdfore possible to generate
any recursive enumerable language, constructing insed@betion grammars for some
languages (that form bio-molecular structures) is not easythe procedure to simu-
late the grammar is very tedious. For example, considerripke agreement language
{a"b™c™ | n > 1} that forms the triple stranded DNA. Defining the inserticledion
grammar is very difficult since we need to make sure that wierenea is introduced,
simultaneously, oné andc must be introduced at the appropriate places, thus the syn-
chronization betweea, b andc is taken care. To do this in insertion-deletion system, we
need to introduce a new marker near the insettadd move the marker towards right by
passing alk until ab is encountered (for insertirtg and then move further to encounter
ac (to introduce &). Besides, the marker need to be deleted on crossing eadiokym
If not constructing this way, we need to identify the Chomgkgmmar which generate
this language, and convert it to a Kuroda (or suitable) nbforan and from that nor-



mal form, we can obtain the insertion-deletion grammargigie computational com-
pleteness result. This is also not an easy way when compaitbd grammar of Matrix
insertion-deletion system as we are going to see how simelgam construct a grammar
in Matrix insertion-deletion system for such languages lamw freely the synchroniza-
tion is achieved. In [7], the computational completeneddalfrix insertion-deletion sys-
tem has been analyzed. Interestingly, in [8], the same Katsertion-deletion system
has been introduced independently but without such matgivatand its computational
completeness has been analyzed. In this paper, we model glotihe intermolecular
structures that are predominantly available in gene semasefmore precisely in RNA
and proteins).

Ambiguity is considered to be one of the important issuesomdy in natural and
programming languages, but also in gene sequences. Irhgshrbiguity in gene se-
quences are dealt informally by showing that there exigtsesbio-molecular structures
which has the notion of ambiguity. Since the insertion-tielesystem can be applied
theoretically in DNA processing [5], the ambiguity in DNAquessing (which uses the
insertion-deletion system) may happen in the following neanLetW; W, be a DNA
strand and suppose we want to indé#W, W5 betweeniV; andW, to obtain another
DNA strandWW; W3 W, W5 W,. This can be done first by insertindfs betweeni?; and
Ws, followed by insertingV, betweeniV; andWW,, followed by insertingV; between
W4 andWs. The other sequence would be first by insertifig betweeniV; and s,
followed by insertingiV, betweeniV; andWs, followed by insertingVs betweenity
andW,. More precisely the derivations are given below: (the ulngied string denotes
the inserted String) (1W1W2 — W1%W2 — W1W3%W2 — W W3W4%W2
(2) WiW, = Wl%WQ —— WlmWE,WQ — W1%W4W5W2. This shows that
ambiguity in gene sequences is also possible (i.e., sfgftom one sequence we are
able to get another sequence in more than one way such thateh@ediate sequences
are different). With this view of ambiguity, in this papereviormally define the various
levels of ambiguity for Matrix insertion-deletion systen®tudy of this concept of am-
biguity may be useful while considering inheritance projgsrand phylogenetic trees
[10].

1. Preliminaries

Here, we recall the basic notions which are used in the p#@pénite non-empty set

V or X is called an alphabet. We denote By or ¥* , the free monoid generated by
V or ¥, by X its identity or the empty string, and by ™ or 7+ the setV* — {\}

or ©* — {A}. The elements of/* or * are calledwords or strings. For a stringw,
|w|, denotes number df in w. The language of DNA (RNA) can be considered over
SN arna) = {a,t(u), g, c}. For more details on formal language theory, we refer to

Next, we look into the basic definitions of insertion-dedetisystems. Given an
insertion-deletion system= (V, T, A, R), whereV is an alphabefl’ C V, A is afinite
language oveV, R is a finite triples of the fornfu, o/ 3, v), where(u, v) € V* x V*,
(B,a) € (VT x {A}) U ({\} x V). The pair(u,v) is called contexts. Insertion rule
will be of the form(u, A/3, v) which means that is inserted betweea andv. Deletion
rule will be of the form(u, a/, v), which means that is deleted between andv. In



other words,(u, A\/3,v) corresponds to the rewriting rutev — ufv, and(u, a/\,v)
corresponds to the rewriting rulevv — ww.

Consequently, for,y € V* we can writex =>* y, if y can be obtained from
by using either an insertion rule or a deletion rule whichiieg as follows: (the down
arrow | indicates the position where the string is inserted, therdawow |, indicates
the position where the string is deleted and the underlitidgsindicates the string
deleted/inserted)

1.z =xutves, y = zyufvrsy, for somery, zo € V* and(u, A/3,v) € R.
2. = x1uaVre, Yy = v1utvr,, for somer;, xo € V* and(u, a/\,v) € R.

The language generated bys defined by
Liy)={weT* |2 =" w, for somex € A}

where—* is the reflexive and transitive closure of the relaties..

Next, we will look into the definition of cut grammars. A cutagnmarG =
(N,%, S, P)whereN is a finite set of non-terminal; is a finite set of terminals is a
start symbol and is a finite set of productionsifiVUX)* N (NUX)* x (NUSU{O ™
where{ is a new symbol called cut symbol not i or . The language generated
by cut grammar is defined a5(G) = {w € (XU )" | § =* w}. Given any
stringw = w1 Qw2 ... Sw, Wherew; € X* for 1 < ¢ < n, the cut function
@ = {wy,ws, ..., w,} and the uncut functio® = wyws ... w,. For a given cut gram-
marG and start symbof, the cut language is defined B6G) = {@ € 2% | § =* w}
and the uncut languagé(G) = {w € %* | § —* w}. A ligation grammar
is a cut grammar with an additional new symiolFor anyw = wiffwsf... fw,,
wherew; € (X U {{¢})* for eachl < i < n, the ligate function is defined as
W = {W1,Ws,...,W,}. The ligated languagk(G) = {w € 2= | § =* w}.

2. Matrix Insertion-Deletion Systems

In this section, we describBlatrix insertion-deletion (in short Matrix ins-del) sys-
tems. A Matrix ins-del system is a construtt = (V, T, A, R) whereV is an alpha-
bet, 7 C V, A is a finite language oveV, R is a finite triples of the form in ma-
trix format [(u1,01/61,v1), - -, (Un, n/Bn, vn)], Where (ug,vr) € V* x V* and
(Bk,ak) S (V+ X {)\}) U ({)\} X V+), with (uk,ak/ﬁk,vk) S R[i @] RDj @] Rli/Dj’
for1 < k < n. HereR;, denotes the matrix which consists of only insertion rules,
denotes the matrix which consists of only deletion rules Bpd,, denotes the matrix
which consists of both insertion and deletion rules.

Consequently, for,y € V* we can writex — vy, if y can be obtained from
by using a matrix consisting of insertion or deletion or iie® and deletion rules as
follows: In a derivation step the rules in a matrix are appbequentially one after other
in order and no rule is in appearance checking (note thatules in a matrix are not
applied in parallel). The language generatedbys defined byL(T) = {w € T* |
x :>}}X w, for some x € A}, where x € {I;, D;,I;/D,} where=>* is the reflexive
and transitive closure of the relatiens. Note that the string is collected after applying
all the rules in a matrix and also € T* only. Note that the above mentioned cut, uncut



and ligate function are also applicable to Matrix ins-dedteyns., # are included i/
in Matrix ins-del system.

3. Modelling Intermolecular structures

In this section, we model some of the intermolecular stmagwsing Matrix insertion-
deletion systems.

Lemma 1 The double strand language Lgs = {uu? | u € X% 4} can be modelled
by Matrix ins-del system.

Proof. The languagé s can be be modelled by Matrix ins-del systé, = ({b,5,0},
{b,b,$}, {{}, R) whereb € {a,t,g,c}, bis complement ob andR is given asR;, =
[\, A/b,$), (O, A/b, \)] A sample derivation is given as follows:

ot =g, a*OYt =g, ag'Otct =g, agatOVict =g, agactOtgtet

a
In the next lemma, we give a cut grammar which generates aiggdage and we model
such cut grammar using Matrix ins-del system. From Fig.8{b)nick language can be
informally described a$w, $ws | we = wi '}, wherew; € ¥ andw, € (X U {O})*
(i.e.,ws is a string which contains many numberpy.

Lemma 2 The nick language L,,; can be generated by Matrix ins-del system.

Proof. The languagé..,,; can be generated by the cut gramraay = S — bSbh | S< |

¢ for eachb € Ypya. The grammars,; can be modelled by Matrix ins-del system
Yo = ({b,b, 1,0}, {b,b,O}, {b 10,1, O}, R) whereb € {a,t, g, c}, bis complement
of b and R is given as:R;, = [(A\,\/b, 1), (1,2/b,\)], R, = [(1,A/$,N)], Rp, =
[(©,T/A, A)]. A sample derivation is given as follows:

at ]Li t =g, at* t+at =R, atg ]Li cat =g, atg* ]Li ceat =R, atga

Htdeat = R,, atga T Qtoeat =gy, atga¥ Otdeat O

In the next two lemmas we model R-loops and holliday striecag mentioned in Fig.
4 (in Fig 4. denotes, * denotes\ and S, A, R represents the non-terminals in their
corresponding context-free grammars).

Lemma 3 Thehybrid moleculelanguage (with any number of R-loops) L,; = {u{vu’ |
u,v € X7y 4} can be generated by Matrix ins-del system.

Proof. The languagé.,; can be generated by Matrix ins-del systém = ({b, b, t1, T2,
O}, {6, 0,0}, {11012}, R) whereb € {a, t, g, c}, bis complement ob and is given as:
Ry, = [(Av A/ba Tl)v (T27 >‘/b7 A)]v Ry, = [(Av )\/b, TQ)]a Rp, = [(Aa T1/>‘a )‘)]a Rp, =
[(A, T2/, A)]. A sample derivation is given as follows:



Figure 4. Intermolecular structures: (a) R-loops (b) holliday stoue

Y1 Ot =R, db 1 Ot t =R, att 11O 15 at =g, atgt O e cat
=Ry, atg T1 Oat 1y cat =Ry, atg 11 Gacta cat =gy, atg¥Sac 1o cat

= Rp, atgdacteat O

Lemma 4 The holliday structure Lps = {ui{urfusdun?. . up,du,® | no >
0,u1,...,u, € X5y 4} can be generated by Matrix ins-del system.

Proof. The languagd.,s (for n=3) can be generated by Matrix ins-del systém, =
({6, b, 11, T2, 73, O}, {6,6, 0}, {110 T2 ¢ 13 O}, R) whereb € {a,t,g,c}, bis comple-
ment ofb and R is given asRy, = [(A\, A/, 11), (11¢, A/b, AN)], Rr, = [(A\, A/b, t2),
(T2<>7 >‘/b7 )‘)]7 Rlz = [(>U )‘/bv T3)a (T3<>7 >‘/b7 )‘)]7 RDl = [(Av T1/>‘7 )‘)]7

RDz = [(Av T?/Av )‘)]7 RDS = [(Aa T3/>‘a )‘)]

PO 12 O 13O =Ry, a1 Ot 12 OV 13 O =R, at1 Otg T Oct 15 O
—>py, at1 Oty T2 Oct 13 Ga = nyp, a*Otg ta Oct 13 Ga =g, altghd

ct i3 Ga =gy, adtgdett da O

Lemma 5 The replication fork language L, ; = {uaRuvt?ua? | u,v € 3% 4} can be
generated by Matrix ins-del system.

Proof. The Ianguage‘?rf canbe generated B, s = ({11, f2, {3, T4, a,t,9,¢},{a.t, g, c},
{t1 t2 t3t4}, R), whereR is given as follows:

RII [()‘ )‘/a’Tl (Tla)‘/t )‘ ()‘ )‘/aa T2)a (T4’)‘/t’ )‘H'

RI‘Z :[()\ )‘/taTl);( 1,)\/0, )‘ ()‘ )‘/taTQ)a(T4a)‘/a7)\ ’
RIS = [(A )‘/ga Tl)v (Tlv )‘/C )‘) (>‘ A/ga T2)7 (T47 A/Ca A)]'
RI4 = [(A )‘/Cv Tl)a (Tla )‘/ga ) (>‘ )‘/Cv TQ)a (T4a )‘/ga A)]'
= [()‘ )‘/b T3 ) (T?n )‘/b )‘)] Rp, = [()‘a Tl/)‘a )‘)’ ()‘a TQ/)‘a )‘)’ ()‘a T4/)‘a )‘)]a
RD2 [(A, T3/X, A)]. A sample derivation is given as follows:

Yt tat =R, a1 tat ta t3 Tt =>n,, agh 1 ctatt f2 ts 1 ct



=>R,, agc 11 gctate T% Tg Ta gt =R, agcf1 gctateta a3t 14 get
= Rbp, agcugctatcua 3 tbgct = Rp, agcgctatcautgct O

Lemma 6 The generalized linear hybridization L, can be modelled by Matrix ins-del
system.

Proof. The generalized linear hybridization langudgg, can be generated by the gram-
marGy, = S — bSb | QA | BO | 8, A — §Ab | bSb | 4, B — bBf | bSb | 4 for
eachb € Xpya. The grammats,, can be modelled by Matrix ins-del systefy,;, =
({b, b, 11, 12, 13,0, 8}, {b, b, £, O}, {b 11 b, O, 130, £}, R), whereb € {a,t,g,c}, bis
complement ob andR is given as:

RI1/D1 - [(Av )‘/b T1 0, Tl)a (lev T1/>‘a )‘)]a Rlz/Dz = [( )‘/<>T27 Tl)’ (<>T2a Tl/)‘v A)]v
Ry, p, = [(M A 130, 11), (130, 11 /M AN, Ry, = [_()‘ M, t1), (8 T1/A N

RI5 = [(>U )‘/ﬂv T2)7 (TQa A/bv A)]v RI@/D{, = [(A )‘/b Tl b T ) (le T2/>‘7 A)]v

RI7/DG = [(Av )‘/ﬁa TQ)J (ﬁa T2/>\l )‘)]a RIS = [(A >‘/b T3) ( 3 )‘/ﬂ A)]

RIQ/D7 = [()‘7 )‘/b Tl b, T3)a (lev T3/)" )‘)]a Rho/Dg [ A, )‘/ﬁ TB ) (ﬂ T3/)‘ )‘ ]

A sample derivation is given as follows:

4 { i
OV =Ry 0, Cat it =R, Qagt Tt =g, ,,, Cagdtis ot

=g, Caglitscet =g, GagOftect O

4. New Levels of Ambiguity

In this section, we formally define various ambiguity levids Matrix ins-del system
based on the components used in the derivation sucxiam, contexts, strings (for
deletion/insertion).

Consider the following derivation step in a Matrix ins-dgkemY, § : w, =
we =— ..... — wmy,m > 1, such thatw; € A and the following scenar-
ios can happen (1w, = w41 can be obtained by using a matrix which con-
sists of only insertion rulesH;,) (2): wx = w41 can be obtained by using a
matrix which consists of only deletion rules?f) (3): wx == wyy1, such that
1 < k < m can be obtained by using a matrix which consists of both inser
tion and deletion rulesK;, ,p,). The sequence which consists of used axiom, strings
a;/f; to be deleted/inserted is called @entrol Sequence which is given as follows:
wy, [(061/ﬁ1 (O‘n/ﬁn)] [(061/61)7 ) (an/ﬁn)]v [(al/ﬁl)a ) (an/ﬁn)]a )
[(am— 1/ﬁm 1),--.,(an/Bn)]. More precisely the control sequence means the order in
which the strlngs are deleted/inserted. The sequence wbicsists of used axiom, the
strings3;/«; to be deleted/inserted and the used contéxisv;) is calledComplete
Control Sequencewhich is given as followsivy, [(u1,a1/81,v1), - -+, (Un, @/ B, vn)],
[(uh al/ﬁl; ’Ul)7 ceey (un; an/ﬁnzvn)]a RS [(um—la am—l/ﬁm—lzvm—l); ceey (un; an/
Bn,vn)]. More precisely the complete control sequence means thex ofdhe contexts
used in deletion/insertion rules. Note that ongpbr «; is empty for allj in the deriva-
tion. The position where insertigh/deletiona takes place can be given by tdescrip-
tion of 6.



Definition 1:

1. A Matrix ins-del systen, is said to bed-ambiguous, if there exist at least two
different axiomsw,,ws € A, w; # we, such that they both derive the same
wordz, i.e.,w; =T 2, wy, =71 2.

2. A Matrix ins-del systen’, is said to bel-ambiguous, if there are two different
ordered control sequences which derive the same word.

3. A Matrix ins-del systen’, is said to be2-ambiguous, if there are two different
ordered complete control sequences which derive the samte wo

4. A Matrix ins-del systen’, is said to be3-ambiguous, if there are two different
descriptions which derive the same word.

5. Interpretation of Ambiguity in Gene Sequences

In this section, our aim is not to show that there exists iahly ambiguous languages,
rather our objective is to present a new interpretation dbigoity in gene sequences.
As an application to the new introduced ambiguity levels, pesent some intra and
intermolecular structures in gene sequences which eghilé above introduced new
levels of ambiguity for Matrix ins-del systems.

Level O0: The Matrix ins-del system is said to be 0-ambiguous if thaesatring can be
derived from two different axioms.

Definition 2: A stringw over a complementary alphat¥is called ideal ifflw|, = |w|;
forall b € X. A language is ideal iff it contains only ideal strings.

Lemma 7 The ideal language L;, generated by Matrix ins-del system exhibits level 0
ambiguity.

Proof. The ideal languagé.;; can be generated by the Matrix ins-del systép =
({b,b},{b,b},{\}, R), whereb € {a,t,g,c}, bis complement ob and R is given as
Ry, = [(A\, A/, \), (A, \/b, \)]. Consider the gene sequengetgagcta in ideal lan-
guage. This sequence can be generated by the Matrix ingstehsY';; from two dif-
ferent axioms:t andgce such that the same string is obtained at the end of the dierivat
The two different derivations which differ by axioms areeivas follows:

Derivation 1 : att = a¢t¢£ == agtglg& =t actgagett = tactgageta
Derivation 2 : gt =" gcta = t_aigicta — taizggicta = tactgagctal

Level 1: The Matrix ins-del system is said to be 1-ambiguous if ttereetwo different
derivations for the same string which differs by the ordestohg deleted/inserted.

In the next lemma, we show that level 1 ambiguity exists irhdatramolecular
structure (stem and loop structure) and intermoleculacsire (hybrid molecule struc-
ture).

Lemma 8 The stem and loop structure Ly, = {uvu® | u,v € X%y 4} represented by
Matrix ins-del system obeyslevel 1 ambiguity.



Proof. The stem and loop structutk;; can be generated by the Matrix ins-del sys-
tem Tsl = ({ba ba T17 T2) T3}7 {ba b}7 {)‘a b Tl T3 TQ b}7 R)! whereb Eﬁ {a/a i, 9, C},
is complement ofb and R is given as:R;, = [(A\A/b,11), (T2, A/b,A)], Ry,
[(Aa )‘/bv T3)]7 RDl = [(Aa T1/>‘a )‘)7 (>‘a T2/>‘a A)]a RDz = [(Aa T3/>‘a A)]

Consider the gene sequengsgyit in stem and loop structure. This sequence can be gen-
erated in two different ordered control sequences by theikiats-del systenil ;. Note

that the axiom for both sequence is the same. The two segsiaregiven as follows:

Il o

Sequence 1 : a* 1ty 13 T% t =g, aa ﬁ T3 T2t =>R,, aa 11 g T3 T2lt = R,
aa'yg T% tt = Ry, aagttt

Sequence?2 : a ﬁ T3 T2t =Ry, att gts T%t =R, aaT1 g {3 Telt = R,
aat1 g% 1o tt = Rp, aavgltt a

In sequence 1, the order of strings used for deletion/imwseis (a, t), g, (t1, T2), 3. In
sequence 2, the order of strings used for deletion/inseisig, (a, t), 3, (11, f2). Thus,
we obtain two different ordered control sequences whicivdéne same gene sequence.
Therefore, the Matrix ins-del systeify; obeys level 1 ambiguity. The Level 1 ambiguity
can be pictorially represented as shown in Fig.5. Fig. 5gaesponds to sequence 1 and
Fig. 5(b) corresponds to sequence 2.

g

o 4 LRI L
o 4 Lokl

Figure 5. Ambiguity in stem and loop structure

Level 1 ambiguity in Intermolecular structure : Consider the following stringt<{gcac
in the hybrid molecule structure. This string can be gemerai two different ordered
control sequences by the Matrix ins-del syst€m. The two sequences are given below:

Sequence 1+ 11015 =g, g 11 O t5c =g, gtti O f2ac =g, gth
Og¥ e ac =g, gtt1 Ggcta ac =gy, gt*Ogety ac = g, gtGgctac
Sequence 2 : 11O 2 =g, 109 2 =>r,, ¥ 11 Qgcts =g, " 11 Oge
T%g =R, gt11 Qgctaac =gy, gt 11 Sgctac = Rp, gttOgceac

In sequence 1, the order of strings used for deletion/iiwseid (g, ¢), (t,a), g, ¢, {1, T2
In sequence 2, the order of strings used for deletion/iiwseid g, ¢, (g, ¢), (t,a), T2, T1-
Thus, we obtain two different ordered control sequenceshvlerive the same gene



sequencet{gcac. Therefore, the Matrix ins-del systeify.; exhibits level 1 ambiguity.

Level 2 The Matrix ins-del system is said to be 2-ambiguous if themee two differ-
ent derivations for the same string which differs by the ofecontexts used for dele-
tion/insertion.

Lemma 9 The holliday structure Lps = {ui{urfusdun?. . u,du,t | no >
0,u1,...,uy, € X5y 4} represented by Matrix ins-del system obeyslevel 2 ambiguity.

Proof. Consider the following string{acgg<{c in holliday structure. This string can
be generated in two different ordered complete control seges by the Matrix ins-del
systemY';,s. The two sequences are given below:

Sequence 1+ 110% 12 O 13 O =g, L1 Oal 12 OV 13O =g, tT1 Qacta

Oghts OY =g, th Qacts Ogg ts Oc =>r,, tYOac T2 Oggts Oc =gy,

toactOgg ts Gc =gy, tOacdgg¥ e

Sequence 2 : 110V 12 OV 13 O =g, T10ct2 Ogts O =>nrp, * 11OV g

130 =y, t11 0acOgts & =gy, tY0acOgh 13 O =g, tOacdgg ts Oc
=iy, 10acOggtOe O

In sequence 1, the order of contexts useldisty ), (10, )], [(A, T2), (T2, A)], [(A,

3), (T30, V], [ N)], [(A, M), [(A, A)]. In sequence 2, the order of contexts used is
[()‘a T2)a (T2<>7 )‘)]7 [()‘7 )‘)]7 [()‘7 Tl)a (T1<>a )‘)]a [()‘a )‘)]a [()‘a TS)) (T3<>a )‘)]a [()‘a )‘)] Thus,
we obtain two different ordered complete control sequemdgsh derive the same gene
sequencedacggde. Therefore, the Matrix ins-del systeifty, . obeys level 2 ambigu-
ity.

Level 3: The Matrix ins-del systems is said to be 3-ambiguous if tleeestwo differ-
ent descriptions for the same string which differs by theitpos where the string is
deleted/inserted.

Definition 3: A stringw over a complementary alphabiétis called orthodox iff it is (i)
the empty string\, or (2) the result of inserting two adjacent complementégynentbb,
for someb € ¥, anywhere in an orthodox string. A language is orthodox iffantains
only orthodox strings.

Lemma 10 The orthodox language L,q generated by Matrix ins-del system obeys level
3 ambiguity.

Proof. The orthodox languagk,; can be generated by the Matrix ins-del systép =
({b,b}, {b,b},{\}, R), whereb € {a,t,g,c}, bis complement ob and R is given as
Ry, = [(A\, \/bb, \)]. Consider the stringzgcgcat in orthodox language. This string can
be derived in two different descriptions iY,,; which are given as follows:

Description 1 4 9¢ = Ry, tage* =Ry, mgc%i =R, tagcgcat

Description 2 : gci =Ry, gc%i =Ry, Ygcgeat =R, tagcgcat o



Note that the axiom, order of insertion of strings, order aftexts (heré, \)) all are
same in both derivations, but the position of insertion fedént in each derivation.
Therefore, the systeffi,4 is 3-ambiguous.

Note: Consider the orthodox stringrgegege. This string can be derived from axiom
by two different descriptions which are given as follows:

Description 1 : A = gc = gcgc = gcgege = gcgegege
Description 2 : A = gc = gcgc = gcgcege = gcgegege

In one derivation the stringc is used one time aney is used three times. In another
derivation the stringc is used four times. The above string obeys level 1 ambiguity b
the intermediate gene sequences are same.

6. Conclusion

In this paper, we discussed the Matrix insertion-deleti@mgmar systems and using the
system we have modelled some intermolecular structuresiiikible strand languages,
nick languages, hybrid molecules (with R-loops), hollidayucture, replication fork,
linear hybridization (ligated) languages. We have forgndkfined various levels of

(i = 0,1,2,3)-ambiguity for Matrix insertion-deletion systems. We hajieen the ap-
plication for the introduced levels of ambiguity with aneénpretation in gene sequences.
We witnessed that the many gene sequences in intra and oleaatar structures like
ideal, stem and loop, hybrid molecule, holliday structarghodox has a relevance with
the introduced levels of ambiguity. Since, in this paper weeshown that ambiguity is
possible in gene sequences this research will throw sonae idle how gene sequences
in DNA, RNA, protein molecules can be predicted and proaksse
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