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Abstract. This work’s main objective is to go over several significant characteristics of DNA
codes that help with information storage and retrieval in synthetic DNA. Here, we take into
consideration the algebraic framework for cyclic codes over a ring & = Fa[yu, v]/{?, v?, pv =
v) for such discussion. The construction of reversible and reversible complement constraints is
discussed. The deletion distance and GC-content constraints are described. In order to validate
the primary findings, multiple DNA code examples are given as an application. Additionally, for
these samples, we calculate the deletion similarity and Hamming distances.

1 Introduction

Deoxyribonucleic acid (DNA) has attracted significant interest in a variety of research commu-
nities in recent years, especially in the areas of information theory and bioinformatics, regarding
its potential as a medium for storing user data. Because of its great capacity, endurance, and
storage density, DNA-based data storage is significant. These benefits encouraged scholars to
investigate the field’s evolution. There are several uses for DNA codes in synthetic DNA strands
for information storage and retrieval. The physical processes of DNA synthesis and sequencing
are used to create and read DNA sequences, respectively [1]. Multiple sorts of errors can arise
during synthesis and sequencing, highlighting the significance of studying the minimum distance
of DNA code, a property that makes it possible to suppress those errors. In a DNA-based system,
every aspect of the data storage procedure is proposed in Figure 1.

DNA Sequencing Digital Information

DNA Synthesis DNA Coding
Figure 1. DNA Storage Procedure

For the first time, Adleman [2] used DNA molecules for the solution of the Hamiltonian
path problem. Marathe et al. [3] introduced four different constraints for DNA codes, which
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are explained in Figure 2. A DNA strand is composed of four nucleotides: A (adenine), G
(guanine), T (thymine), and C (cytosine). The rule of Watson-Crick complementary associates
these bases as follows: 7 = A, A=7,C =G,and G = (.

Numerous scholars have become interested in this intriguing topic since DNA computing
has larger storage capacities than silicon-based computing systems. DNA strands that accurately
hybridize with their complementary counterparts while minimizing false pairings are required for
applications of DNA computing. For example, accurate binding between DNA sequences and
their complements is necessary for computation to be successful in Adleman’s experiment [2].
False hybridization can happen between a DNA strand and either its reverse complement or the
complement of another strand. A further important requirement for designing DNA sequences is
to avoid secondary structures, which make strands inactive. When complementary base pairing
causes a sequence to fold back into itself, a secondary structure is created [4]. Studies [3] have
revealed that the creation of a particular kind of secondary structure could cause thirty percent of
read-out efforts in a DNA storage device to fail. Every codeword in a DNA code should ideally
have the same CG content in order to guarantee similar melting temperatures.[6]. The WCC pairs
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Figure 2. Constraints for DNA Codes

of chemical bonds differ from one another. A pair of hydrogen bonds holds together adenine (A)
and thymine (T), whereas three hydrogen bonds hold together cytosine (C) and guanine (G).
The quantity of A and T pairings as well as C and G pairs, establishes the DNA molecule’s
overall energy. A double helix’s energy determines how stable it is. In this way, a DNA strand’s
durability is determined by the quantity of hydrogen bonds it contains. DNA hybridization is
studied mathematically using the concept of similarity functions [Z], which could be employed
to simulate a thermodynamic resemblance between single-stranded DNA sequences. The largest
sequence length that appears as a (possibly non-contiguous) subsequence of two sequences, X
and Y, is referred to as a deletion similarity S(X,Y") between X and Y. According to the authors
[8, 9], deletion similarity measures the quantity of base pair bonds that are created between X
and the reverse complement of Y during the hybridization experiment.

Numerous studies have examined cyclic DNA coding over finite rings [10, 11, 12, 13, 14,
15,16, 17, 18, 19, 20, 21, 22, 23, 25, 30]. DNA codes are constructed linearly and are provided
in [12]. In their DNA computing study, Siap et al. [21] used codes based on the ring of four
elements, whereas Abualrub et al. [10] studied DNA codes using the finite field of 4 elements.
In this field of study, the nonchain ring of 16 components was taken into consideration by Bayram
et al. [11] for the creation of DNA codes. Using a different type of ring for the same cardinality,
Dinh et al. [15] have recently studied DNA codes. Moreover, Narendra and Abhay [23, 24, 29]
investigated DNA codes by utilizing the cyclic codes structure with a non-chain ring. They also
presented a number of reversible cyclic codes, with Z4-images that are new distance-optimal
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Zs-linear codes.

The rest of the article is laid out in the following way. Section 2 delves into fundamental
definitions of cyclic DNA codes, specifically considering the ring &. Moving forward, Section
3 focuses on exploring the properties of reversible constraint codes within the context of &. Our
attention then shifts to reversible complement constraint codes over & in Section 4. Section 5
investigates the GC Content within DNA cyclic codes. The calculation of several examples of
DNA cyclic codes over & is covered within Section 6. Section 7 summarizes key findings and
contemplates the future avenues for research in this domain.

2 Preliminaries

Let 3 be a ring of size 16, defined as F, + uF, + vF; + puvlF, with 4> = v? = 0 and pv = vp.
A cyclic code is characterized as a type of linear code, denoted by €, where ring < of length
n if (6h—1,91,...,5n—2) € € for each (p,s1,...,5,-1) € €. A codeword ¢ of length n has a
Hamming weight, wg (<), which indicates how many non-zero entries there are in c. However,
the calculation of the Hamming weight of the difference between two codewords ¢, € €
yields the Hamming distance d(s;, ;) between them. The shortest Hamming distance between
two different codewords is the minimal distance of a code €. Assume that Y is a Grey map that
is specified as follows:  items are associated with F§ elements.

Y(o +puB+v6+uw?) = (o +B+C+ 9,6+ 9, %+ 92,9),

where o7, #,%, and 2 € ;.
A collection of codewords (<o,¢1,.-.,5n—1), Where s; € {A,T,G,C}, represents a n-length
DNA code. To facilitate representation, we adhere to the mapping

0—A 1—-G, uv—>T, 1+u—

The table uses a Gray map to illustrate a one-to-one link between DNA double pairs and
elements. By creating a direct connection between the DNA double pairs and the components of
the specified ring S, this correspondence creates a link between algebraic structures and genetic
information.

Let Ai(xz) = by + byz + -+ + b.z" be a polynomial, where with b, # 0. Then #i*(z) =
2"h(1/x) = b, + b1z + - -+ + boz" is the reciprocal of (). A polynomial A(x) is consid-
ered self-reciprocal if, for a constant m, #*(xz) = mh(z). In the case of a codeword b € ™,
b" = (bp_1,bn_2,...,b1,bo) provides the reverse of b, b¢ = (%, bi,..., b.,_1) represents the com-
plement of b, and b"¢ = (b,,_1,b,_2,...,by,bo) defines the reverse-complement of b. The con-
dition that reversing any codeword b € € results in another valid codeword b” within the same
code is what defines reversible codes, which belong to the family of linear codes € of length n.
If, for every b € &, complementing each codeword, b¢, results in a codeword in &, then the code-
word is termed a complement. It is also called reversible-complement if, for every b € €, the
reverse-complement, b”¢, of each codeword is also in €. Identifying the ring F[x]/(z"™ — 1) as
the principal ideal ring, it contains the ideals that make up the resulting collection. Accordingly,
we obtain

Q:] = <5($)>, Q:z = <(91 (I)>,€3 = <62(x)>, Q:4 = <83(I)> (2.1)

Lemma 2.1. A cyclic code € = (b(z)) over F is reversible if and only if the generator polyno-
mial b(z) is self-reciprocal.

3 Reversible Property

In the following section, we look closely at the intricate structure and properties of reversible
codes within the mathematical framework defined by the ring &. Our exploration encompasses a
detailed examination of fundamental results, laying the groundwork for subsequent findings and
conclusions. The insights gained from these basic results play a significant part in shaping our
understanding of reversible codes in this context.
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Table: DNA Correspondence

Lemma 3.1. [28] Assume that h(x), {(x) are two polynomials in [z] with deg h(z) > deg {(x).
Then

o [A(z) + ()] = h*(x) + adeeh—deelp (g),

To meet the specific requirements and objectives, we can employ a customized version of
Theorem 3.2 and Theorem 3.3 in the context of generating cyclic codes over the ring & with a
length of n as per [Proposition 3.3, and Theorem 3.4 [27]]. These theorems offer the essential
framework and guidelines necessary for constructing cyclic codes tailored to our specific goals
and needs.

Theorem 3.2. Let € = (k(x)) be a cyclic code over 3, where k(z) = 8(z) + pp1(x) + vy (x) +
pvei(z), poy (x) + vy (x) + prea(z), vdy(z) + pves(x), prds(z). For code € to be reversible,
the necessary and sufficient condition is

(@) 0(x), 01(x), &»(x) and &5(x) are self-reciprocal;
) () 9 (x)l(@7(x) —m(x)) and 0(x)|(2'pf(x) — pr(z)) or

(i) pa'pi(a) — ppi(z) + vadri (@) — vy (@) + prakei(z) — v (z) = (5(9?) + ppi(x) +
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V’yl(x)—i—ul/tl(:r)) )+ (ual (x)+w2<x)+mz<x)>nl(x)+ (V@g(az)+uut3(m)>ll(m)+

pv (83(:c)k1 () + O (:c)nz(a:)>, where i = degd(z) — degp(z),j = degd(z) —
ieg['y]l(x),k = degd(z) — degr,(x), p(z) € Slz] and ni(x),n2(x),l1(x), ki1 (x) €

Proof. The code € = (x(x)) is assumed to be reversible over . Consider the four ideals that are

Cas € = (0(x)), & = (01(2)), €3 = (Or(x)), €4 = (D5(x)), where D(x), D (), D (x), D5(z) €

[, [z] are monic polynomials. According to Lemma 2.1, the provided polynomials d(x), 0 (z), 2 (x), 03(z)
are self-reciprocal. With d(z) being self-reciprocal, we might therefore say that

(B(2) + pp1 (x) + vy () + prea ()" (2) = 07 (2) + pa'p] () + valyi (2) + prate] ()

= 0(x) + pa'pi (x) + vali (x) + prae; (z)
(3.1)
where 1 = degd(z) — degpi(z),j = degd(z) — degvi(z),k = degd(z) — degr,(z). The
reversibility of € implies that

©(@) + pp1(x) +vm(2) + prea(2))"(z) = O(z) + ppr(2) + vy () + pre)m(z)
+ (poi () + vya(x) + prra(z))n(z) (3.2)
+ (vo

(vOa(w) + pes(2))l(2) + w03 (w)k(z),

where m(z), n(z),(z), k(z) are polynomials over 3. From equations (3.1) and (3.2), we have

O(x) + pa' pi (2) + vayi () + prate; (z) = (O(x) + ppr (2) + vy (2) + pori)m()
+ (10 (2) +v7(2) + pves (z))n(z)

+ (Vo (x) + pves(x))l(x) + pds(z)k(z)
(3.3)
Multiply the equation (3.3) by uv on both sides,

pd(z)(1 —m(z)) =0

Since m(z) is a polynomial over , then m(z) = m, (x)+vm,(z), where m, (x), m,(z) € Ry[z].
Thus

(@)1 — my(2) — vy (2)) = 0
= wd(z)(1 —my(z)) =0

= p0(z)(1 —my(z)) =0

= 1—m,(z) € Ann(ud(z))

O(x) + pa' pi (x) + va'yi () + prate; (z) = (O() + poi (z) + v (x) + prer) (1

+ (uoh(z) + vy2(z) + prra(z))n(z) + (vOr(x)

+ pves(x))l(x) + pros(z)k(z)
34
This is obtained by multiplying (3.4) by x0(z).

pva?y; (2)3(x) = pm (2)8(x) + pwd? (w)ma (z) + pry(2)n(2)d(x) + pwdy(x)l(x)d(x)



542 Narendra Kumar

= pd(z) (277 (z) = (2)) = pd(z) (m.(2)0(x) + 1 (2)n(z) + 02 (2)l(x))

As 0,(2)|0(z) and 9 ()| g((‘?) 1(z) = d(z) = 0s(z).hi (2), g((?) () = 05(z).ha()
= wd(a) (77 0) = () ) = 0d(e) (@) (o) + 2L on(ai(a))
61 (l‘)
= wd(a) (77 0) = () ) = wB(a)0ala) (o)) + B 4 1(2))
81 (.’L‘)

= an(a)l (70 - (o))

Again, we obtain the following result by multiplying equation (3.4) by v:

V(o) + ' (a) = v0(a) + s () + ((a) + () (s 5t )

n

o a1 (2) — o () = d() + pop (o) (3()) h(a) + jwdr (2)n(a)

As 91 (2)[3(x) and 1 ()| (x)f”; (;)1
= 0a) = W(a) i (o). 1) 5t = By ()

= uvd(z) (xip’f () —p (CE)) = uvd(z) (h(:r)81 (@).h1(2) + 01 (z).ha(x)h(x) 4+ pro, (m)n(m))
= (o) (91 e) = pr(2) ) = p3()01 o) () (o) + e o) + o))

= (o)l (+'5i(0) = pi(a)).
From equation (3.4), we have
Ba) + 255 0) + v ) + vl () = (8(a) + on(0) + o o) + o) (1
= (1 B )+ () + (1)
F (@) + e (2) (m () + Vnz(x)>
+ (wOa() + e, (2) (ll(x) + sz(x)>
+ s (z) <k1 (@) + sz(z)> .

As n(z),l(z), k(z) belong to the polynomial ring S, we can express them as n(z) = ny(x) +
vny(x), () = l1(x)+vl(z), and k(z) = ki (z)+vks(z), where ng (), na(x), i (z), (), k1 (), k2(2)
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are polynomials in 3 [z].

O(x) + pa' pi (x) + v’ qi (x) + pwavy(z) = (8(2) + ppr () + vy (@) + per) (1

+ (uo(z) + vy2(z) + prea(z))n (x)
+ prny(x)0; (z) + (vdr(x)
+ pves (@)l () + pds (x) ki (z)

= pa'pi(x) — ppi(x) + valyi(z) — vm(z) + pratei(r) — () = (5(56) + ppr(z) +
vy (z) + pvey (m))p(w) + (,u@l (z) + vya(z) + poe, (x))nl (z)+ (V@z(m) + pvty (w)) Ii(z) +
v (83(36)11:1(36) + 0 (x)nz(a;)>, where p(z) € S[z] and ny (z), 1 (z), k1 (z) € S1[z].

Conversely, however, suppose both assumptions (a) and (b) are satisfied. It suffices to show

that in order for € to be considered as reversible, (5(33) + pp1(z) + vy (z) + prr,y (x)) ,

*

(ual () + vya(z) + prr, (:c)) *7 (u(f?g(m) + umt3(x)> and (,uuag(:v)) * are in €. Then

(6@) T () + v (x) + um(x)) — 5% (2) + pap} () + v (2) + e (2)

= (0(z) + pp1 (z) + v (@) + prey(z))
+ pa' pi (x) — pp1 (z) + valyi (z) — vy (z)
+ pvatey(a) — v (2)

= (0(z) + pp1 (z) + v (z) + pvey (2))(1
+p(@)) + ni(2) (1o (z) + via(z) + pres(2))
+ U (2) (o2 (z) + prrs(x)) + pv(03(2) ki (z)
+ 01(x)ny(2)) € €.

(Nal (z) + vya(x) + /wtz(x)> = §0f (x) + va' 33 () + pra’'v; ()
= (udh () + va'' 33 (z) + pra’ 73 (v)) € €,
where 9 (z) is self-reciprocal, and i’ = degd;(z) — degy2(x), 7’ = degd(z) — degr,(z).
<V32(93) - uur3<x>) = 005 (z) + pva’ vy (x) = (va(x) + pva? ¥} () € €,

where 0,(z) is self-reciprocal, and j” = deg d»(z) — degt;(x).

(i) = mos ) = win(a) < .

since 05 (z) is self-reciprocal, it follows that € is reversible. ]

Theorem 3.3. Consider a cyclic code € over  of odd length n, given by € = (n(x)), an ideal
in',, where

n(z) = 0(xz) + pd (z) + prey(x) + vda(z) + pros(z).

A code € is reversible if the following condition is both necessary and sufficient:
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(a) O(z) and O»(x) are self-reciprocal;

®) (@) 0i(2)|(«'0; (z) — O () or

(i) pa'of(x) — o (x) + prate,*(z) — prea(z) = (0(z) + poi(2) + pre(@))k(z) +
z) + pvds3(z))n (x), where t = degd(x) —degd;(x),j = degd(z) —degr,(x)

(vos(
and K(z) € Rlz),m(z) € Rlz).
Proof. The code € = (n(z)) is assumed to be reversible over J. We acquire Im(€) = (d(z) +
pdi(x)) and ker (€ ) (02(2) + 103 (x)) with 0, (x)[0(z)|(z" —1) and 93 (z)[02(x)|(z" —1). Let
code € mod (u,v) = (0(x)), thend(z)h(xz) € € mod (u,v), where h(z) € I;[z] and (0(z)+
poi (z) + prey (x ))h( ) € €. Since € is reversible, then ((3(z) + pdi(x) + prey(z))h(z))* €
= (0%(x) + pa'0f (x) + pra’vi(x))h*(z) € C = 0*(z)h* () = (O(x)h(z))” € €

which
means that € mod (u,v) = (0(z)) is reversible. Therefore from Theorem 3.2, d(x) is self-
reciprocal. Let Tor(€) = (0x(z) + pds(x)) is a code over . This implies that Tor(<)
mod p = (9»(x)), then d,(z)h(x) € Tor(€) mod p. Since Tor(€) = (dx(z) + pds(x)) this
implies that v(0»(z) + pds(z)) € € = (v(dr(z) + pds(x)))h(z) € €. We are given that €
is reversible it means (v(0a(z) 4 pds(x)))*h*(z) € € = (V(95(x) + pa? d;(x)))h*(z) € €,
where j/ = degdh(z) — degds(z) = 05(x)h*(z) = (Or(z)h(z))* € Tor(€)mod p. Thus,
Tor(€) mod u = (d2(z)) is reversible. It follows directly from Theorem 3.2 that d,(z) is
self-reciprocal. Moreover, the following result may be readily shown using a similar logic to
that in Theorem 3.2 because 0(z) is similarly self-reciprocal. uz'0; (x) — pdy (z) + pvair} (z) —
prey(z) = (0(x)+po; (z) +pvey(x)k(z) + (v0h (x) + uvds(x))ny (x), where i = degd(x) —
deg0i(x),j = degd(x) —degr,(x) and k(z) € R[z],ni(x) € R;[z]. where m(z) and n(x) are

z"—1

polynomials over <, and where k(z) = (— (M + 55 ) h(z) +z/m2(x)) € S[z], hence proved.

Conversely, if (a) and (b) are both met, then (0(x) + pdi(x) + pve,(z))* and (vdr(x) +
uvds(x))* are both elements of €. It now possess

(0(x) + por () + prea(2))* = 8% (2) + pa'd; (z) + pwa’vi (v)

= 0(x) + px'of () + praici(z) + po (z) + pve, ()
— p0i (z) — prey(z)

= (O(x) + 0y (&) + e (2)) + a0} (2) — oy ()
+ vl (z) — pey (v)

= (0(x) 4+ pd (z) + prry(x)) + (0(x) + po (z)
+ pvey (x))k(z) + ni () (102 (z) + prds(x))

= (0(z) + poh (z) + pwey () (1 + k(x)) + ni(2) (v0a(x)
+ prds(z)) € €

Since 9, (x) is reciprocal, therefore
voh () + prvds(x))* = vd; (x) + pvat i (z) = voy(x) + i (z) € €,

where k = deg 0»(z) — deg 03(z). The reversibility of € follows. O

4 Property of Reverse Complement

Within the current section, a detailed exploration of the reverse-complement constraint awaits,
leveraging insights garnered from the antecedent section. To commence, we revisit fundamental
attributes inherent in the elements of .

Lemma 4.1. For any «, 3,(, 6, € S, then
o+ o= ur,
s QAUQ = Qv + prog
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catf=a+pf+
s a+pf+pd =a+ pp + pd
e va+ puvfp =va+ uvp

o g+ v+ ¢ = i + v + ¢

catpuf+v(+prd =a+pb+v(+ uwo
s o+ prv =

Theorem 4.2. Let € = (k(x)) be a cyclic code over . Therefore, € possesses the reverse-
complement property if and only if

(@) 0(z), O1(x), &a(x), 83(x) are self-reciprocal and pv((1 —z")/(1 — x)) € €,
® O @I () — ) and()l(xis}(x) — p(x)) or

(i) o (a) = () 4 0077 () = o o)+ e () = 2(2) = (3(0) + o o) +
(&) e >) (x )+(Mal($)+V72(90)+MW2(93)>”1($)+(V32($)+Wt3($))11(90)+

pr | 93(z)k1(z) + 01 (x)na(z )) where p(x) € S[z] and ny(z),n2(x),l1(x), ki(x) €

1]

<

5%

Proof. Assuming that the zero codeword must be in €, its WCC should also be in €. Neverthe-
less, Lemma 4.1 gives us

n

e

(0,0,...,0) = (uv,pv, ..., puv) = (pv)

Now, letd(z) = Oo(x)+01(x)+- - -+05_12°~ ' +0:2°, p1(z) = ap+a1z+- - -+a,_12" ' +aq2",
y(z) = ho+hiz+--+h 2t~ "+ hiat. vy (z) = 20+ 210+ - +2 120~ + 22! Consequently,
We can express

0(z) + ppi(z) + v (x) + prea(z)

=00+ 01+ -+ 0,12 +0,2° + plap + ayz + - +a,_ 12" +apa")
+v(ho +hix+ -+ hy_jzt™ —i—hx)—l—;u/(zo—i-zlx—l— gzt g2t
= (0o + pao + vho + przo) + (01 + par + vhy + przi)x + -+ (0 + pay

+ vhy 4 prz)at + (O + pagy + vhie)at 4+ (821 4 pag—

+vhe_ )t 4+ (8 + pag + vhy)at + (0p1 + page)x 4+ o+ (0, + pay)z”
+ 0™ 4 Bt
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Consequently,

(0(2) + pp1(2) + vyi(2) + prrea(z))™

= v+ pvx 4 - a2 4 8, 48, 2" -+ (O, 4 pay )z !
+ @1+ par— )2 4+ Bppr + par)a" T+ (O + pag + vhe)a" !
+ (01 + pag_1 +vhi_ )zt 4 4 (D1 + pagyy 4+ vhig )z 2

+ (0 + pag + vhy + ,ul/zl):cnflfl + (01-1 + pag—1 +vhi—1 + ,uyzl_l)xnfl

oo+ (01 + pag +vhy + prz)a" 2 4 (Do + pag + vho + prze)z !
=w(l+z+... a:”_s_z) 4+ 0,2 4B, -+ Wx"_r_l
¥ a4 B (@) 4 @ e D 4 a2t 2
+ 92"t 4+ uatgc”_t_l + vh N 48,2t + pag_ 1"t vhy_ 2™t L
+ 012" 4 pag gz v+ O g
+ vha" T e 4 82" 4 paga ™+ vhi ™ vz ™!
+ 02" 2+ uaw:”fz +vhi" % + w/zl:zr’%z + 0oz 4+ /moxnfl + vhoz" !

n—I1

+ przox

Being a cyclic code €, then the following property holds:

O(z) + ppr () +vyi(2) + pora(2))" + () (1 —a") /(1 —z) € € (4.1)
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After that, we obtain

@) + pp1(x) +vm() + pres ()" + () (1 —2") /(1 - z)

=u(l+z+.. . 2" ) 402" +0, 12"+ +0,.(x)z" " + papan !
B @) A par 12T 4 D™ 4 pagera 2 o Byt
+ pag” T vk 82 4 pag VT v T -+ O a2
+ pap 2" 4 vhp " 0" 4 page™ T v !
+ 012" 4 pag ™ v+ a4+ 82" + paga 4 vhya
+ prziz™ 2 + Bz + pagz™ Tt vhox T 4 przgz™ (1 F x4 F 2™

= @+ p)a" T 4 @t + )2 e (@ p)a T (G )2
oot O + )" 4 (B A )2 T (@ ) 4 (B
)2 (O ) @y A )2 (O )2 A+ (B

n—r—1 n—r n—t—2 n—t—1 t

+ ,uy):zjnfl + parx + par_1x + -+ paax + pax + pag—jx™”

+ -+ /,Lal+1xn_l_2 + uatx"_l_] + ual,lx"_l + -+ ualm”_z + ,uaoac"_] + vhpa !
+vh_ 2"t 4+ Z/hl+1x”7l72 +ohe T uh e 4 vhiz" 2 4 vhoz" !
+ ,uuzlx"_l_l + uqulxn_l + -+ /wzlac"_z + uyzoxn_l

=0, 40, 4 0T T 40, 2T O T2 4 B
40 2" B 2 B 1 B - B2 4 !

+ para™ " a2 4 pag 2™ paga™ T a2

n—1-2 n—l—1 1

+ papr1x + pagx + pag1 7" 4 4 pa T A+ paga™”

+vh" N v v T vk T o2 4
+ vhia" 72 + vhor" 4 e T 4 vz e w2 4 zga™ !
= 27710 () + pa " pi () + va" T I (@) + pra T ()
= 2" (0% (2) + ppi ()" + vy (2) 2" + e ()27

Hence, 0% (z) + pp; (2)z*~" + vyj ()2t + pvry ()2~ € €. Consequently, we can express
0 (2) + o (2)a* " + 77 (@)~ 4 o ()~ = (B(x) + o (@) + 71 (&) + e () +
(101 (z) + vya(w) + pves ())n(x) + (w0 (x) + pves (x))l(w) + pwds(x)k(x)

x

It is easily verify m(z) = <1 - (M 8"(;)1) h(x)—i—z/mz(x)) and n(z) = ni(z)+vny(z),l(z) =
ll(IC) + I/lz(x), k(iﬂ) = kl(l’) + I/kz(w).

According to Theorem 3.2, it follows that if d(z) = 0*(x), then d(zx) is self-reciprocal.
Moreover, we obtain that &, ()| (2?7} (z) —vi(z)) and 9, (z)|(x"p}(x)—pi1(x)), where j = s—t
and i = s —r. Now, let 9 (z) = Jo(x) + 01 (2) + - + Fp_yz'~" + Ga!, ya(2) = po + pra +
it peizm T e, ()=q+qz+- -+ qi—12' =1 + q;z'. Consequently, we can express
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o1 (z) + vya(z) + pves(z) = p(d + 01z + - + 02 + 0t) + v(po + pra+ -
+pra” A pea”) + (o + i+ -+ gt + gt
= (u0o + vpo + pvqo) + (u01 + vpr + prgr)x + ...
+ (01 + vpro1 + prge )2+ (uB; + vpy + )zt
+ (01 +vpr)at 4 (W0 A+ vpe)at !
4 (ud; 4+ vpy)at 4+ pdp ozt o 02t it

Consequently,

(nor(z) + vya(x) + pvea(2))™
—_ /U/‘i‘lU/x 4. +,U,I/£Un7872 _'_Exnflfl +N8l—lxnil 4L (M6r I Vpr)xnfrfl

+ (U0, 1+ vpr_1)x" " 4 -+ (U0t + vpr1)a" T TR+ (U0 + vpy + pvgy) ™!
+ (u0y—1 +vpia + prg1)x™ "+ -+ (udy + vpr + prgr)z"

n—1

+ (udo + vpo + prqo)x

=w(l+z+. . 2" 4 0 4 w® 2 4 4 Dy ()2 !

+ Vpr(x)xn—r—l + /,L6T_1(Jf)$n_r + VpT_lxn—r N M5t+lxn_t_2

n—t—

1 + th‘rnftfl + uythnftfl 4 #315_]1,71715 + th_lxnft
1

+ vpp1a" 2 4 pdi
gz 4 12"+ vpra™ T g™ 4 B! + vpea™
+ prgoa™!

Leveraging the fundamental characteristics of €, then

(10 () + va(2) + prea ()" + () (1 = 2") /(1 —z) € € (4.2)
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This leads to the conclusion that

(101 () + vya(z) + prea (@)™ + () (1 = 2) /(1 — x)

=w(l+z+. . . 2" 2 4w w2 4 @
+upea™ T 0, T e 4 4 O " T T 4 w2
L e o T Y N S A 7L
+ 012" a7 o a2 o+ pBoa” !+ vpoa” !+ pvgor™ !
+pv(l+z+- 42" ")

= (u0s + )"+ (U0 —1 + )"+ 4 (D + )T+ (U0 4 )"
o (U0 + )™ (0 A ) (0 )2 A (uO)
+ )22 4 (ud + p) 2" Fopea T up 2T 4 up T2
+upee™ T b up 2™ e upi ™ uper™ T+ g T 4 g2
o g™+ uvgor™ !

= pdz" " b 2 4 0T 02T A DT

+ pda™ T B e D2 pdo™ + upea™ T fup 2T

n—t—1 2

o vpeaa™ T T fup Fopa" T b vpre”T
+ vpoa™ !+ pvga" T T 4 g 2" 4 g™+ o™ !

= 2" O (2) + 0y (z)z + -+ O (z)2t !+ Tp()2t) + 2" N wpe(x) + vpr2
+ ot opa opea”) + 2" (uvgy + gz + -+ gt + pgoat).

= pz" ' OF (2) + v g () 4 e e ()

= 2" oy (2) 4+ vy3 (2)2! " + pors ()2 ")

Hence, ud; () +vy; (2)z! =" + pvry (z)2! =t € €. As aresult, we derive pd; (z) 4+ vvy; (z)2! =" +
vty (2)z! =t = (o (z) + vys ()2 =" + pvrg(z)2!=t)n(z). It is obvious that n(z) = ny(z) +
vna(x). Then, by Theorem 3.2, 9)(x) = 0; (x) i.e. d)(x) is self-reciprocal. Now suppose that
v (z) = vho + vhyz + - + vhy_12* 71 + vhyat and pueg(x) = pvhy + bz + - +
pvh)_ 2t =1 + pvhja!, where k > I. Then
voh(x) + pvrs(z) = vho +vhiz + - + vhi_12* '+ vhea® + puvhi + pvhixz + ...
+ pvh_ 2+ ph)at
= (vho + uvhy) + (vhy + pvbh))z + -+ (vhi—y + prhj_ )zt ™!
+ (vhy + pvh))zt + vhy e v 2B byt

(vor(2) + pvey(2))C = pr(1 42 4 -+ 2" 72) + vhpa" * 1 4 vhy_jan "k

oot Vi v (Vg 4 poh)) s 4 (s + k] )z

+ o (Wha + vk )a 7 o+ (vho + pvhg)a" !
=pv(l+z+-+2" ) + vhpa" M vhp 2R

+ vhia" " vk 4 ke vRy e

+ pvh) x4 vk 4 pvh ™ 4 vhoa !

+ pvhjz™ !



550 Narendra Kumar

Leveraging the fundamental characteristics of €, then
(v02(w) + ey (2))7° + () (1 — 2") (1 — ) € €. 43
This leads to the conclusion that
(w0 () + pres (2))™ + (u)(1 = 2") /(1 — z)
=pr(l+az+-+2" )+ vhpa™ T vhy 2R b pRy
+ vvhp" U ke ke 4 k) 2 4 Ry
+ pvhia" ™ + vhor" ! + prhpr T + (1 + o+ 2t + 2™
= (vhy + )" " (Why A ) e (VR
+ )2 4 (Vi W)af"‘l U b (Wl A )z by
4o (Why + p)z" 2 4 prhiz™ " 4+ (vho + pv)z™ 4 prhhaz™ !
= 2" " Y why + vhgp 1z + -+ vhy T 4 vhoa®) + 2wk + pvh) @
4o bzt 4 pvhhat)
= x”_k_]uaz () + pra™ e (2)
= ok 005 () + e (1)

Hence (183 (z) + pva*~'v}(2)) € €. As aresult, we derive v9; (x) + prvat 't (z) = (vda(x) +
pves(z))ng(x), where ni(z) € j[z]. Then by Theorem 3. 2 h(z) = 05(x) ie. Oa(x) is
self-reciprocal and 0s(z) = eg + ejz + - + eq_ 128! + eqz?, /w83( ) = uvey + preix +

o+ pveg_1297 + pregz?. Then (;wag( N =ur(l+z+ -+ 2" 92) + wegen 41 +
aveg_1a" 44 - mveran 24 uvega™ ! € €. SmceClsahnearcode and (uv)(1 —2")/(1 —z) €
¢, we must have (uvds(z))"¢ + (uv)(1 —z™)/(1 — z) € €. Hence

(uds () + () (1 —2™) /(1 — z)
=uw(l+z+- - +2"2) + mwega" ! + mweg a0+ ..
+ ez + megr" ! (1l + w4+ 2t 4 42"

= (pweq + )"~ + (wea—i + )"~ + -+ (e + pv)a
1

n—2

+ (Avey + pv)a"~
= preqz™ T 4+ preg_ 12"+ o 4 e ™2 4 pregr™”

— xnfdfl (

uveq + preq_1x + -+ ,uuelxdfl + ,ul/eoxd)
= " (5 ().

Therefore (pvdi(z)) € €. As aresult, we derive pvdj(xz) = pvds(x)ki(x), where ki(z) €
Q1 [x]. Then by Theorem 3.2, 93(x) = 05 (z) i.e. 93(x) is self-reciprocal.

Conversely, let ¢(z) € €, then c(z) = (0(z) + pp1(z) + vy (z) + prey (z))m(z) + (po; (z) +
vya(z) + pves (2))n(z) + (V02 () + pves(2))l(x) + prds(z)k(x). Since 0(z), 01 (x) d»(x) and
8;(:5) are self-reciprocal, &»(z)|(z7~] (x) — i (z)) and 0 (z)|(2"pf(z) — p1(x)), as a result, we
obtain,

c*(2) = (@O(z) + pp1(z) + vy (z) + prey () m(@))” + (101 (z) + vy()
+ s (2))n(x)” + (V02(x) + pves())i(x)” + (pvos(x)k(x))”
= (0% (2) + pa'pi () + vl 77 () + pva®ei () m* (2) + (pa” Of (x) + va' 73 (x)
+ pva® e (2))n* (x) + (va'd5 (x) + poa' v (@))n* (x) + pra o5 (x) )k (x)
= (0(x) + pa' p} () + valyi () + pratei () m* (2) + (ua’ 0y () + va’ 73 (x)
+ przt e (2))n* (2) + (valdy(x) + pva® o5 (2)) (2) + pratos(x))k* (),
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where ' = deg(d(z)m(z)) — deg(9; (z)n(x)
k' = deg(0(x)m(z)) — deg(r,(z)n(x)),!
k" = deg(d(z)m(z)) — deg(v;(2)(x)), k
Soc*(z) € Cand pv((1 —2™)/(1 —x)) €

Vl—x"
|

): 3
(il ( ( )m(fﬂ ) — deg(0x(x)l(x)

e, hen

= v+ pvx + -+ oz e ¢,

As we know that ¢(z) = ¢o + c1z + - - - + ¢;2° € €. Leveraging the fundamental characteristics
of €, then
2" e(x) = e T F o™ - e €

Hence, v+ pvz+- -+ pva™ 2+ (co+puv) x5~ + (e +pv) xS+ -+ (cs +pv)z" ! =
IL”/+MV$+. . -+/Lyxn_s_2+%x"_s_l+071xn_3+- . _+axn—l — (/J/V+/,l/l/x+ . '+,U/l/xn_s_2+
cox" STl eran 5+ - 4 ex™ ) € €. Therefore, ¢*(x)"¢ € €and (¢*(z)¢)* = c(z)™ € €. O

Theorem 4.3. Assume that € is a cyclic code with odd length n over . Consequently, € is an
ideal in 3, that may be produced by € = (n(x)). Therefore, € possesses the reverse-complement

property if and only if
(a) O(z) and 01 (x) are self-reciprocal and pv((1 — 2™)/(1 — z)) € €;
(b) () 0i(x)|(2"0; (z) — 0 (x)) or

(i) px'or(z) — poi(z) + praivi(z) — prey(z) = (0(x) + poi(z) + prey(z))k(z) +
(vdh(x) + pvds(x))ni (z), where k(z) € S[z], and ni(z) € [x]

Proof. Its methodology is identical to that of Theorem 4.2. The conclusion is easily deduced by
using the findings and procedures demonstrated in Theorem 4.2 , Lemma 4.1, and Theorem 3.3.
|

5 GC-Content with Deletion Distance A

Here, we concentrate on the analysis of both the GC-content as well as deletion distance A.
The number of guanine (G) and cytosine (C') that are present in a given codeword is the formal
definition of the GC-content.

Definition 5.1. [21] Given a cyclic code € = (3(z), (1 4+ p)a(z)), we define the subcode €,
as the set of all codewords in € that can be expressed as multiples of (1 + p).

Theorem 5.2. Let € = (0(x) + pp1 (@) +vy1 (2) + pvey (z), pd) () +vy2(2) + pve, (z), vda (z) +
pves(x), prds(x)) be a cyclic code of even length n. Then, €, = ((uv)d3(x)).

Proof. 1t is well established that ((uv)d3(x)) C €,,. Now, we have to show that €, C
((u)0s(x)). Let ¢ € €. Then, c(z) = (0(x) + ppi(x) + vy (z) + pora (2))h () + (ual( )+
vy2(2)+pve, (x)) o (x)+(v0h () +pves (x) )3 (x)+uvds (x)ls(x), where ly (x), l(x), l3(2), la(z) €
F,[z]. If ¢ is multiple of (uv), hence

c(x) = (w)0(@)li (z) + ()0 (2)la(x) + ()02 ()13 (x) + (1) 03 ()la()-
Since 95(x)|0;(2)|d(x) and 95(z)|dx(

x)|0(z), then c¢(z) € (1 + p)03(x), thus, it is clear that
€. C ((wv)0s(x)). Therefore, €, = ((puv)d3(z)). ]

In the subsequent discussion, we explore and elucidate the GC-content of cyclic codes de-
noted as C'. This examination will be conducted by employing the Hamming weight enumerator
as a tool to analyze the distribution of GC-content within these cyclic codes. The Hamming
weight enumerator provides insights into the count of non-zero elements or '1’s in the code
words, and by applying it to cyclic codes, we aim to gain a comprehensive understanding of the
G C-content patterns within the code structure.

Theorem 5.3. Assume that, according to Theorem 5.2, € is a cyclic code. Suppose c is an element
of € such that w(c) = wy(¢), where ¢ € Fa[z]. The Hamming weight enumerator of the ideal
(03(x)) is used to determine the GC-content of €.
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A deletion similarity between X and Y is the greatest length of a sequence that appears as a
(not necessarily contiguous) subsequence of both X, Y € €, X # Y.

Definition 5.4. [7, 21] Let A be a fixed integer, where 1 < A < n. A DNA code € is designated
as an (n,A)-code, or a DNA code of distance A based on deletion similarity, if the deletion
similarity satisfies

S(X,Y)<n—-A-1, XY e€ X #Y.
Lastly, we focus on the deletion distance of the cyclic code € defined over the ring 3.

Theorem 5.5. Let € be a cyclic code as described in Theorem 5.3, and let A, represent the
deletion similarity distance associated with the subcode &,,,,. In this case, the deletion similarity
distance of € satisfies A = A,

Proof. Since €, C €, for X,Y € €
S(X,Y)<n—-A-1,whichA,, > A. For A, B € € such that
S(A,B) >n—A,, — 1.

By invoking Theorem 6, considering sets A and B within €, it follows that (uv)A and (uv)B
reside in €,,,,. Consequently,

S((uw)A, (uv)B) > S(A,B) >n—A,, — 1,

which leads to a contradiction. As a result, we conclude that A = A,,,. m|

6 Computational Work

To illustrate the characteristics and results of cyclic DNA codes over the ring &, examples are
provided in the figures. First, I provide an example of cyclic codes that meet the reversible feature
in Figure 3, illustrating the results of Theorem 3.3. Figures 4 and 5 illustrate Theorem 4.3, which
describes the reverse-complement property of cyclic codes of odd lengths. I further investigate
that the reverse-complement property is preserved in Theorem 4.2 for cyclic DNA codes over
S of even lengths, and confirm that they satisfy the similarity deletion distance requirement as
established in Theorems 5.3 and 5.5, as illustrated in Figures 6 and 7.

Factorization
22 -1 = (z+ 1)(z? +
24+ 1% + 2% 4+ 1)
over Fa[x]

Self-reciprocal Polynomials Condition
gz) = 2% + 2® +1 ar(z) | (z*al(x) — au(x))
0:(z) = ax(z) = a3(x) =22 +x+ 1 i = degg(z) — dega.i(x)
[ Reversible Property of ¢ ]

Figure 3. Reversible Property
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Factorization
251 = (e+1)(2? +a+1)(a? +2+1)
(4} + D+ +22 42+ 1)

over Fa[x]
Self-reciprocal Polynomials Condition
o) = =t +2® +a? x4 1 m(z) | (2ai(z) — au(z)
a,(x) = az(x) = 2 4+ 41 i = degg(x) — dega,(z) = 3
n@) = ;) =o+1
Reversible Property
R — C Property Polynomials in Theorem 4 satisfy
Polynomials in Theorem 4 < the reversible property of C.

satisfy the R — C' property.

DNA Code
The image of C' under the map T
gives a DNA code of length 60
with a minimum Ham-
ming distance of 3.

Figure 4. Reverse-Complement Property

Factorization
251 = (e+1)(2? +ae+1)(a? +2+1)
(t 4+ + D)+ + 22+ +1)

over Fa[x]
Self-reciprocal Polynomials Condition
o(e) =zt + 2 + 2% + o + 1 S m@ | @) - @)
a:(z) = a3(x) = ¢+ 1 i = deggl(x) — degay(z) = 3
tz) = afe) =2+ +1
Reversible Property
R — C Property Polynomials in Theorem 4 satisfy
Polynomials in Theorem 4 LR the reversible property of C.

satisfy the R — C' property.

DNA Code
The image of C' under the map T
gives a DNA code of length 60
with a minimum Ham-
ming distance of 3.

Figure 5. Reverse-Complement Property
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Factorization
2?2 -1 = (z+
1)*(2? + = + 1)* over Fa[z]

Condition

Self-reciprocal Polynomials
= (@ + 2+ 1) az(@)| (2795 ( J,) = fa(x))
ax(z) = ax(x) = (2> + 2+ 1) | and m(@)|(@ipi(e) — pa(2)),
az{x) = (@ +  + 1), pa(x) = where i = degg(z) — degpl [m) =
j = degg(x) — degq,(z) = 4

() =q.(r) = A ke F
6(2) = 1.(2) = (42 + 2 + 1)

Reversible Property

R — C Property Polynomials in Theorem 3 satisfy
Polynomials in Theorem 3 the reversible property of C.
satisfy the R — C property.

Similarity Deletion Distance
X # X forall X € C.

DINA Code
The image of C' under the map T Further, S(X,Y) € {0,12}
gives a DNA code of length 48 foral X, ¥ € Cand X = Y.
with a minimum Ham- and S(X,Y) <3, weget A =3
ming distance of 3. So, this is a (48,3)
DNA cyclic code.

Figure 6. DNA Codes with Deletion Distance

Factorization
212 — 1 = (z +
1)4($2 + x4 1)‘1 over [y [x]

Condition

Self-reciprocal Polynomials
o) = (a2 +z + 1) a.(2)|(a7a} @) - )
mie) = 0u(a) = (& +z+ 12 — | and ay(@)|(api(@) - pa(x),
where i = degg(x) — deg pl .L)

pa(z) =
deg g(z) — degg.(z) =

x) =
qu(z) = (2 +2+1
as('-c):tz( —q1 ): 1) \ \
\ Reversible Property

R — C Property Polynomials in Theorem 3 satisfy
Polynomials in Theorem 3 € the reversible property of C.
satisfy the R — C property.

Similarity Deletion Distance
X #£ X forall X € C.

DNA Code
The image of C' under the map T Further, S(X,Y) € {0,12}
gives a DNA code of length 48 forall X,¥ € Cand X = Y.
with a minimum Ham- and S(X,Y) < 2, we get A = 2
ming distance of 2. So, this is a (48,2)
DNA cyclic code.

Figure 7. DNA Codes with Deletion Distance
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7 Conclusion

The present study has established the structural characteristics of cyclic DNA coding over the
ring . The discussion clarified the GC-content of these codes over & by addressing the reverse
and reverse-complement constraints. Notably, our findings demonstrated a significant relation-
ship with deletion distance, and a subcode of code €. The computed examples of cyclic DNA
codes served as illustrative instances of these principles. It would be intriguing to think about
building DNA codes across finite rings using mixed alphabets of any length for future research.
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