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Abstract: In general, the problem of building optimal convolutional codes under a certain criteria
is hard, especially when size field restrictions are applied. In this paper, we confront the challenge
of constructing an optimal 2D convolutional code when communicating over an erasure channel.
We propose a general construction method for these codes. Specifically, we provide an optimal
construction where the decoding method presented in the bibliography is considered.
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1. Introduction

Two-dimensional (2D) convolutional codes are suited for applications where data are
organized in a two-dimensional grid, like images. The theory of 2D convolutional codes
is a generalization of the theory of one-dimensional (1D) convolutional codes but much
more involved. These codes were introduced in [1] and in [2] by Fornasini and Valcher,
respectively. In [1], the authors considered 2D convolutional codes that were constituted
of sequences indexed on Z? with values in F”, where F was a finite field and established
the algebraic properties of these codes. In [2], the authors studied 2D convolutional codes
constituted of compact support sequences on 7?. An important property of a code is its
distance since that measures its capacity of error correction. In [3], the authors defined
the free distance of a 2D convolutional code, established an upper bound for this distance,
and then presented some constructions of the 2D convolutional codes with an optimal
free distance. A generalization of these codes, called nD convolutional codes, were first
introduced in [4,5] and then further developed in [6-8]. However, decoding these kind
of codes is a barely explored topic, which we will address in this paper. We will consider
transmission over an erasure channel. Unlike the symmetric channel, where errors might
occur randomly, over these channels the receiver knows in the transmission which symbols
are erased and that the received symbols are correct. These channels are particularly
suitable in communication systems like real-time streaming applications or situations
where certain packets are more crucial than others. Convolutional codes are particularly
convenient for erasure channels due to their ability to consider certain parts of the received
data, thereby adapting the correction process to the erasure’s location.

There exist only two decoding algorithms for 2D convolutional codes over the erasure
channel [9,10]. In [9], the authors made use of the parity-check matrices of the code, while
the authors of [10] employed the encoders of the code.

The decoding algorithm presented in [9] considers the specific neighborhoods around
erasures that would allow one to decode these erasures using 1D convolutional codes. These
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1D codes are projections of the 2D convolutional code, and they are obtained by considering
1D parity-check matrices and by taking into account only some of the coefficients of a parity-
check matrix that is of 2D code. However, the authors did not provide any such construction
in which the corresponding 1D projections produced optimal efficiency for this decoding
algorithm. In this paper, we discuss this problem and present several constructions of 2D
convolutional codes whose corresponding associated 1D convolutional codes are optimal
or quasi-optimal.

2. Preliminaries

In this section, we detail the main backgrounds of 1D and 2D convolutional codes that
are required to contextualize the constructions introduced in this paper. We will also recall
the decoding algorithm over an erasure channel that was presented in [9].

We denote, by F|[z], the ring of polynomials in the indeterminate z and with coefficients
in a finite field F. By F[zq, z5], we denote the ring of polynomials in the two indeterminates,
z1 and z;, with coefficients in F.

2.1. 1D Convolutional Codes

Definition 1. An (n, k) convolutional code C is an F[z]-submodule of F[z]|" of rank k. A matrix
G(z) € F[z]"*k whose columns constitute a basis of C is called a generator matrix of C, i.e.,

C = Img,G(z) = {v(z) € Flz]" : v(z) = G(z)u(z) for some u(z) € Flz]*}.
The vector v(z) = G(z)u(z) is the codeword corresponding to the information sequence u(z).

Given a convolutional code C, two generator matrices of this code, G(z) and G(z), are
said to be equivalent. In addition, they differ by right multiplication with a unimodular
matrix U(z) (a k x k invertible polynomial matrix with a polynomial inverse or, equivalently,
a k x k polynomial matrix with determinant in F\{0}), i.e.,

G(z) = G(2)U(=z).

A convolutional code is non-catastrophic when it admits a right prime generator
matrix G(z), i, if G(z) = G(z)X(z) with G(z) € Fy[z]"*¥ and X(z) € Fy[z]***, then
X(z) must be a unimodular matrix. A polynomial matrix is said to be left prime if its
transpose is a right prime. Note that, since two generator matrices of a convolutional
code differ by a right multiplication through a unimodular matrix, if a code admits a right
prime generator matrix, then all its generator matrices are right prime and it will be called
non-catastrophic code.

The degree § of an (n, k) convolutional code C is the maximum degree of the full-size
minors of any generator matrix. Note that the degree can be computed with any generator
matrix since two generator matrices of a code differ by the right multiplication of an
unimodular matrix, as was previously said. A matrix G(z) € F[z]"*¥ is said to be column-
reduced if the sum of its column degrees is equal to the maximum degree of its full-size
minors. A polynomial matrix is said to be row-reduced if its transpose is column-reduced.
An (n,k) convolutional code with degree ¢ is said to be an (n, k, §) convolutional code.

Another important matrix associated with some convolutional codes C is the (full row
rank (n — k) X n) parity-check matrix noted as H(z). This matrix is the generator matrix of
the dual code of C; therefore, we can generate C as its kernel as follows:

C = kerpp;)H(z)
= {v(z) € F[z]" | H(z)v(z) = 0}.
The parity-check matrix plays a central role in the decoding process for block codes

and convolutional codes. Although there is always a parity-check matrix for a block code,
this is not the case for convolutional codes. In [11], it was shown that a convolutional code
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admits a parity-check matrix if and only if it is non-catastrophic. Any non-catastrophic
convolutional code admits a left prime and row-reduced parity-check matrix [12].

When transmitting information through erasure channels we may lose some parts of
the information. Convolutional codes have been proven to be good for communication
over these channels [13].

In [13], a decoding algorithm for these kinds of channels was presented, and it is
based on solving linear systems of equations. Consider that we receive the codeword

v(z) = Z?:o vzt € F,[z], and that v;_4,...,v; are correct (have no erasures) but the coeffi-

cients afterward may have erasures. Let H(z) = }.;cy H ]-zj € Fy[z] (1=k)x1 pe a parity-check
matrix of the code. We define the matrix as follows:

H, --- Hp
;= c Ft(i]+l)(n7k)x(v+]+l)n. )

H, --- H

Then, $; (vtT_V Lol vtT+ j> T 0. By reordering these equations we can obtain a
linear system of the form

H = b, )
where H® and ©° are the columns of $; and the coordinates of (vf_, ... v} ... o], j)T
that correspond with the erasures, respectively; and b = —H ", where H® and ¢ are
analogously defined concerning the correctly received information. Therefore, we can
correct the erasures by solving a linear system with as many unknowns as erasures in the
received codeword. Note that we have considered only part of the coefficients of v(z),
i.e., the coefficients v;_y,..., 0, ..., Ut We refer to this sequence as a window, and we
say that it is a window of j + v + 1 size.

Notice that, in order to correct the erasures produced in a codeword, we need a
previous safe space where all coefficients are correctly recovered. In the construction of the
system (2), the v vectors, v;_y, ..., v;_1—which were previous to v; and the first coefficient
of ¥(z) with some erasure—conformed to this safe space.

Once we have a method for correcting the erasures produced by a channel, we may
want to know the correction capability that a code can achieve. This capacity is described
in terms of the distances of the code. For convolutional codes, there exist two different
distances: the free distance and the column distance. The Hamming weight of a vector
0(z) = Yien, viz' € Fy[z]" is given by the expression

wt(v(z)) = Y wt(vy),

ieNp
where wt(v;) is the number of non-zero coordinates of v;.
Definition 2. Let C be an (n, k) convolutional code, then the free distance of C is
dree(C) = min{wt(v(z)) : v(z) € C\{0}}.

The next theorem establishes an upper bound on the free distance of a convolutional
code, and it is called the generalized Singleton bound.

Theorem 1 ([14]). Let C be an (n,k, &) convolutional code. Then,

dree(C) < (n _k)QIiJ +1> +i+1.

The free distance of a convolutional code allows us to know the correction capacity for
errors and erasures once the whole codeword is received.
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An advantage of convolutional codes over block codes is that they permit us to do a
partial decoding, i.e., we can start recovering erasures even though we do not have the
complete codeword. The measurement of the capability of this kind of correction is given
by the column distances, which are defined for non-catastrophic convolutional codes [15].

Given a vector w(z) = ) w;iz' € Flz]" and ji, jo € Ny with j; < j,, we defined the

ieNy
truncation of w(z) to the interval [j1, jo] as wyj, ;1z) = wjlzjl + wthjl"’l +o wjzzb.

Definition 3. Let C be an (n, k, §) non-catastrophic convolutional code, then the j-column distance
of C is defined by

d]C- = min{vyg ;) * v(z) € Cwithv(0) # 0}.

The following inequalities can be directly deduced from the previous definitions [15]:
dy<dj<--- < limj—>d]C‘ = dfree(c)- ®3)

In addition to the free distance having a bound, the column distances also have a
Singleton-like bound, which is given by the following theorem.

Theorem 2 ([15]). Let C be an (n,k, &) non-catastrophic convolutional code. Then, for j € Ny,
we have
d; < (n=k)(j+1)+1.

Moreover, if di = (n —k)(j+1) +1 for some j € Ny, then di = (n —k)(i+1) +1 for
i<

As seen in (3), the column distances cannot be greater than the free distance. In fact,

there exists an integer
L= 2]+ 2
oLk n—k

for which dj can be equal to (n—k)(j+1)+1,1ie., the bound can be held for j < L and
d; < (n—k)(j+1)+1, as well as for j > L [15]. An (n,k,6) convolutional code with
ds = (n—k)(j+1) +1for j < L (or equivalently with df = (n —k)(L +1) 4 1) is called a
maximum distance profile (MDP) code. Next, we detail a characterization of these codes
in terms of their generator and parity-check matrices. For that, we need the definition of a
superregular matrix.

The determinant of a square matrix A = [y; ¢] over a field F is given by

Al = Y (1% )10y Py

oES

where S, is the symmetric group. We will refer to term as the addends of | A|, that is, to the
product of the form iy ;(1)M25(2) * * * Hm,eo(m) and as a component of the factor of a term, i.e.,
the multiplicands of the form y; ;) fori € {1,...,m}. We will also say that a term is trivial
if at least one of its components is zero, that is, the term is zero. Now, let A be a square
submatrix of a matrix B; if all the terms of | A| are trivial, then we say that |A| is a trivially
zero minor of B or that it is a trivial minor of B.

Definition 4 ([16,17]). Let n,m € Nand B € F"*™, then B is superregular if all of its non-trivial
Zero minors are non-zero.

Theorem 3 ([15]). Let C be a non-catastrophic convolutional code with a right prime and column-
reduced generator matrix G(z) = E?:o Giz' € Fylz]™*, as well as a left prime and row-reduced

parity-check matrix H(z) = Y._ Hiz' € Fo[z]"=0*" then the following statements are equivalent:
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1. Cisan MDP code
Go --- Gp
2. G:= .. i |, where G; = 0 for i > y, and it also has the property that every
Go
full-size minor that is not trivially zero is non-zero.
Hy
3. H:= o , where H; = 0 for i > v, and it also has the property that every
Hp Hy

full-size minor that is not trivially zero is non-zero.

Lemma 1 ([13]). Let C be an (n,k,6) MDP convolutional code. If any sliding window of length
(jo + 1)n at most (jo + 1)(n — k) erasures occur with jy € {0,1,...,L}, then we can completely
recover the transmitted sequence.

This family of optimal codes requires a great deal of regularity in the sense of the
previous theorem, and this causes the construction of the MDP convolutional codes to
usually require big base fields. From the applied point of view, this is a concern. In last few
years, the efforts of the community have been directed to improving this situation by either
giving different constructions [18-21] or finding bounds [22,23]. Research has also led to
the development of MDP convolutional codes over finite rings [24].

When MDP codes cannot perform a correction due to the accumulation of erasures, we
have to consider some of the packets to be lost and to continue until a safe space is found
again. To solve this situation, in [13,25-27], a definition for Reverse-MDP convolutional
codes was provided. While the usual MDP convolutional codes can only carry out a
forward correction, i.e., their decoding direction is from left to right, the reverse-MDP codes
will allow a backward correction, i.e., a correction from right to left.

Proposition 1 ([26], Prop 2.9). Let C be an (n,k, &) convolutional code with a right prime and
column-reduced generator matrix G(z). Let G(z) be the matrix obtained by replacing each entry
8ij(z) of G(z) with & ; == z‘sfgi,j(z’l), where 0; is the i-th column degree of G(z). Then, G(z) isa
right prime, and column-reduced generator matrix of an (n, k, 8) convolutional code C and

vo+z1z+ - +02 €C S vs+zg_1z+ -+ vz €C.

We call C the reverse code of C. Similarly, we denote the parity-check matrix of C by
H(z) =Y o Hiz"

Definition 5. Let C be an MDP (n, k, ) convolutional code. We can then say that C is a reverse-
MDP convolutional code if the reverse code C is also an MDP code.

In [13], it was proven that reverse-MDP codes can perform a correction from right to
left as efficiently as an MDP code does in the opposite direction. However, to perform a
backward correction, a safe space is required on the right side of the erasures. This can be
easily seen in the following example.

Example 1. Let us assume that we are communicating through an erasure channel. If so, then
we have recovered the information correctly up to an instant t and we can later receive the follow-
ing pattern:

(A)14 (B)108 (C)122
— ——
Kk KVVAKVV A K- VV kK | YV V|

(D)50  (E)38  (F)34  (G)122

——— ——
K ok AV Vkk k| VV- V...,
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where x indicates that the corresponding component has been erased and v means that the component
has been correctly received. If we use a (2,1,30) MDP convolutional code, we cannot perform a
correction due to the accumulation of erasures at the beginning of the sequence. Nevertheless, if
we consider a (2,1,30) reverse-MDP convolutional code and take the first 60 symbols of (C) as a
safe space, then we can correct the erasures in (B). We can repeat this method by taking the first
60 symbols in (G) and recovering the section (F), that is, we build the linear system as in (2) by
considering the following sets of symbols:

(B)108 (C)60
—
VV Xk AVV Kk k- VVk*|VV---V,
(E)34  (F)34 (G)60
—— T
and V- - Vix---x|Vv.- V.

This example shows that reverse-MDP convolutional codes can perform better than
MDP convolutional codes when transmitting over an erasure channel since we can exploit
its backward capability correction. However, this type of approach depends on the fact that
over the communication there exists a long enough sequence of symbols that have been
correctly received to play the role of a safe space for any of the decoding directions. The
following codes are aimed at solving the situation in which a safe space cannot be found.

Definition 6 ([13]). Let H(z) = Y.V_y Hiz' € Fy[z]("=9)*" be a parity-check matrix of an (n, k, 6)
convolutional code C and L := |2+ | + ¢, then we obtain the matrix

H, ... Hp
§ = . . c F(L+1)(n—k)><(v+L+1)n’

H, ... Hp

which is called a partial parity-check matrix of C. Moreover, C is said to be a complete-MDP
convolutional code if, for any of its parity-check matrices H(z), every full-size minor of ) that is
non-trivially zero is non-zero.

Complete-MDP convolutional codes have an extra feature on top of being able to
perform a correction as a MDP or as reverse-MDP convolutional codes. If, in the process of
decoding the code, we cannot accomplish the correction due to the accumulation of too
many erasures, it can compute a new safe space to continue with the process as soon as a
correctable sequence of symbols is found.

Theorem 4 ([13], Theorem 6.6). Given a code sequence from a complete-MDP convolutional code.
If, in a window of size (v + L + 1)n, there are not more than (L + 1)(n — k) erasures, and if they
are distributed in such a way that between position 1 and sn and between positions (v + L + 1)n
and (v+L+1)n—s(n—k), fors =1,2,...,L+1,ie., there are no more than s(n — k) erasures,
then the full correction of all symbols in this interval will be possible. In particular, a new safe space
can be computed.

For more constructions, examples, and further content on complete-MDP convolu-
tional codes, we refer the reader to [12,13,17].

Example 2. Again, let us assume that we are using an erasure channel. In this case, we are not
able to recover some of the previous symbols and we thus receive the following pattern:
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(A4 (B)21 (012 (D)28
...**|**.--*VV...V**---*VV...V|

(E)19  (F)13  (G)30  (H)13

— ——

V- Vox ATV Voo k

(30 (6 (K17 (L)22

— ——

[VV - Vhkok AV Vokkook | koxee e

Note that, if we use a (3,2,16) MDP or reverse-MDP convolutional code, we require a safe
space of 48 symbols to correct the erasures in any of the directions, which we cannot find.

Nevertheless, if we use a (3,2,16) complete-MDP convolutional code, we still have one more
feature to use. We can compute a new safe space by using Theorem 4, that is, find a window of size
(L+14v)n = (244 1+ 16)3 = 123 where not more than 25 erasures occur. In the received
pattern of erasures we can find the following sequence:

(B)21 (C)12 (D)28 (E)19 (F)13 (G)30
—— ——
VV Vkk - AVV- - V|VV Vi k- - AVV:-- -V

When erasures are recovered, we have a new safe space and we can perform the usual correction.

In [13], an algorithm to recover the information over an erasure channel by performing
correction in both directions, i.e., forward and backward, is given.

We provide Algorithm 1, which is a new version of the abovementioned algorithms
and includes the case for which the code can decode by using the complete-MDP property.
We will maintain the notation given in [13], that is, the value 0 means that a symbol
or a sequence of symbols has not been received and that 1 is correctly recovered. The
function findzeros(v) returns a vector with the positions of the zeros in v, as well as
forward(C,j,v), backward(C, j,v), and complete(C,v), which are the forward, backward,
and complete recovering functions, respectively. Note that these functions use the parity-
check matrices of C and C to recover the erasures that appear in v within a window of size
(j + 1)n (when necessary).

2.2. 2D Convolutional Codes

Definition 7 ([1]). A 2D finite support convolutional code C of rate k/n is a free F[z1,z;]-
submodule of F[zy, zp]" with rank k.

As for the 1D case, a full column rank polynomial matrix C(zl, 2), whose columns
form a basis for the code, is such that we can express it as follows:

C = ImF[Zl,Zz]G(leZZ)

= {\7(21,22) € Flz1,22)" | 9(z1,20) = G(21,22)0(z1,22) with @a(zq,2) € F[z1,zz]k},

which is called a generator matrix of C.

A polynomial matrix G(z1,z2) € Flz1,2)"F is said to be right factor prime if
G(z1,22) = G(z1,22)X(z1,22), then for some X(zq,25) € F[zq,2,]"% and G(z1,25) €
Flz1,22)"*, X(21,22) is unimodular (i.e., X(z1,22) has a polynomial inverse). Again, simi-
larly to the 1D case, if the code admits a right factor prime generator matrix, then it can be
defined by using its full rank polynomial parity-check matrix Fi(zy,z;) € F[z;, zp]("~F) "
as follows:

C = Ker]F[zl,zz]I:I(erZ2) = {‘7(21,22) S ]F[Zl,Zz]n |I:I(Zl,22)\7(21,22) = 0}.
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Algorithm 1 Decoding algorithm for complete-MDP codes

Input: [0y, ...,v,] the received sequence.
Output: [vg,...,vy] the corrected sequence.
1:1=0
2: whilei < ¢ do
3. forwardsucces = 0
4:  backwardsucces =0
5. completesucces = 0
6: if v; = 0 then
7 if [0; vy, ...,v;_1] = 1then
8
9

j=1L
: while forwardsucces = 0 and j > 0 do
10: if length(findzeros([vj, . .., Vit (j11)n—1)))< (j+1)(n — k) then
11: [Ui—vnr ey Z)i+(]-+1)n71] ::forward(C,j, Hvi—vnr vy vi+(j+1)n71”)
12: forwardsucces = 1
13: i=i+(j+1)n—-1
14: j=j—1
15: if forwardsucces # 1 then
16: Aux=findzeros([v;, ..., vy (1 41)n-1])
17: k =i+ Aux[length(Aux)] — 1
18: while backwardsucces = 0 and k < ¢ do
19: if [vg, ..., U yyn_1) = 1 then
20: j=1L
21: while backwardsucces = 0 and j > 0 do
22: if length(findzeros([vs_(ji1)n, - - -, Vk-1]))< (j +1)(n — k) then
23: [Ok—(j+1)nr - - - Oktvn—1] =backward(C, j, [0x_(j+1)ns - - - » Vkrvn—1])
24: backwardsucces =1
25: i=k+wvn—1
26: j=j—-1
27: k=k+1
28: if backwardsucces # 1 then
29: h=i
30: while completesucces = 0 and h < ¢ do
31: E1:= {length(findzeros([vy, ..., Ui (jt1)n-1))) forj=0,..., L}
32 E2 = {}1ength(findzer05([vh+(v+L+1)n(j+1)(nk)r c e Opi (L)) for j =
0,...,L
33: if E1[j] < (j+1)(n—k) and E2[j] < (j+1)(n —k) forall j =0, ..., L then
34: [Ohs -+ - Upp (v L4+1)n—1) =complete(C, [vp, ..., Vpy (vr41)n—1))
35: completesucces = 1
36: i=i+@w+L+1)n
37: h=h+1
38: i=i+1

Since we are going to deal with a situation in which the elements of the codewords are
distributed in the plane N?, we will consider the order given by

(a,b) < (¢, d)ifand onlyifa+b < c+d,
ora+b=c+dandb < d.

The codeword ¥(z1,zp) = Zogﬁhgv(a,b)z‘{zg € F[z1,22]" and the matrix

H(z1,22) = Yo +i< H(, ])2’1272 € Flz1,25) "R *" are represented with its coefficients in order,
respectively, as follows:

¥(z1,22) = v(0,0) +v(1,0)z; + v(0,1)za + - - - + v(7,0)z] + -+ 4+ v(0,7)z]
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and
H(z1,22) = H(0,0) + H(1,0)z; + H(0,1)zp 4 - - - + H(6,0)z} + - - - + H(0,6)z5.

Note that this depiction allows us to see the kernel representation in a more detailed
manner as

Z [ Z H(i,j)v(ai,bj)]z‘fzgz(),
0<a-+b<y L0<i+j<v

where v(l,k) = 0if | +k > y+vorl+k < 0. It is also possible to denote this product
using constant matrices

Hv =0, (4)
where .
v=100,0" (L0 o0 2207 o1 - v(0,)]
is a vector in F7(7+1)2(7+2>n, and His a w(n —k) x Wn matrix over F. An

example of this matrix correspondent to a parity-check matrix H(z1,z2) = Yo« <3 H(i, )zi2)
is presented in Figure 1. Is easy to see that it does not follow the same pattern of con-
struction as the partial parity-check matrix in the 1D case. Note that all the matrix co-
efficients H (i, j) of H(z1,2,) appeared in all the columns following the previously estab-
lished order < with the particularity that, for t = 0,1,2,... in the block columns with
indices t(tf) + 1, t(t;ﬂ) + 2,..., t(tzrl) + t+ 1, the coefficients H(i,j) withi+j = d
ford =0,1,2,...,6 — 1 were separated from the matrices H(i,j) withi+j=d+ 1by ¢t
zero blocks.

[ H(0,0)

H(1,0) H(0,0)

H(0,1) O  H(0,0)

H(2,0) H(1,00 O  H(0,0)

H(1,1) H(0,1) H(1,0) O  H(0,0)

H(0,2) O H(0,1) O O H(0,0)

H(3,0) H(2,0) O H(L,0) O 0 H(0,0)

H(2,1) H(1,1) H(2,0) H(0,1) H(1,0) O O H(0,0)

H(1,2) H(0,2) H(1,1) O  H(0,1) H(1,0) O O H(0,0)

H(0,3) O H(02 O o H(01) O o O H(0,0)
H(3,00 O H(20) O 0 H(L0) O o) o
H(2,1) H(3,0) H(1,1) H(20) O H(0,1) H(1,0) O o
H(1,2) H(2,1) H(0,2) H(1,1) H(20) O H(01) H(1,0) O
H(0,3) H(1,2) O H(0,2) H(1,1) O O  H(0,1) H(1,0)

H(0,3) O O H(02) O o o H©O1) -
H(3,0) O 0 H(0 O o o
H(2,1) H(3,0) O H(L,1) H(20 O o
H(1,2) H(2,1) H(3,0) H(0,2) H(1,1) H(2,0) O
H(0,3) H(1,2) H(2,1) O H(0,2) H(1,1) H(20) °

H(0,3) H(L,2) O O  H(0,2) H(1,1) °
H(0,3) O o O  H(02)
H(3,00 O o) o
H(2,1) H(3,00 O o
H(1,2) H(21) H(3,0) O
H(0,3) H(1,2) H(2,1) H(3,0) °
H(0,3) H(1,2) H(2,1)
H(0,3) H(1,2) -
H(0,3)

Figure 1. Matrix H.
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Consider now that ¥(z1,z3) € F[z1, 2] has been transmitted over an erasure chan-
nel. We define the support of ¥(z1,2;) = X 0b)eN? v(a, b)z42} as the set of indices of the

coefficients of ¥(z1,zp) that are non-zero, i. e.,

supp(¥(z1,22)) = {(a,b) € N3 : v(a,b) # 0}.

Let £(¥(z1,22)) be the set of indices of the support of ¥(z1,2;) in which there are
erasures in the corresponding coefficients of ¥(z1,z;) and £(¥(z1,22)) = supp(¥(z1,22))\
E(¥(z1,22)), i.e., the set of indices of the support of ¥(z1,z,) correspond to the coefficients
that were correctly received. For the sake of simplicity, and if the context allows it, we
will denote £(¥(z1,22)) as €. In Figure 2 an example of erasures distributed in the plane
is presented.

Since we have the kernel representation (4) of the code in a block fashion, we can
consider the equivalent linear system Heve = —Hgvg, where He and Hg denote the
submatrices of H where block columns are indexed by € and &, respectively. Correspond-
ingly, v¢ and v refer to the subvectors of v, whose block rows are indexed by £ and &,
respectively. In order to recover the erasures, we solved the linear system Hgve = —Hgvg
by considering the erased components of v¢ as the unknowns. Note that Hgv¢ is known.

= N W s 0o O
.
.
.
.
.
.
°
.
.

Figure 2. Erasures (red dots) distributed in N2,

As pointed out in [9], this system is massive even when the parameters of the code are
small. The authors in this paper developed an algorithm to deal with this situation in being
able to recover the information more efficiently. They proposed to decode it by a set of lines,
that is, to choose a set of erasures in a line &£’ (i.e., horizontal (£"), vertical (£?), or diagonal
(%)), as well as to define a neighborhood for this set of erasures and then use all the correct
information within these related coefficients to construct and solve a linear system.

Next, we describe such a method for the correction of erasures in horizontal lines,
wherein the method for vertical and diagonal will be analogous. Let us consider a subset of
g, 8;1, where its subindices lie in an horizontal line with the vertical coordinate s, that is,

EM={(r,s) re Ng} NE. (5)
With this in mind we can “rewrite” (4) as
Henven = —Hg, Vg, (6)

where—similar to the above—H, and Hg, indicate the submatrices of H that are indexed

by £ and £ = supp(¥(z1,22)) \ E" block-wise, respectively, as well as where ven and v,
are defined analogously. (Note that v, may contain erasures.)

Definition 8. Let W; be a horizontal window of length t 4+ 1. i.e.,

Wi = {(r,s),(r+1,8),...,(r+ts)},
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for some r € No. We then define the following neighborhood of W; as

Oy (Wr)

= {@b)|r—v<a<r+t+v,s—v<b<s,
a+b>r+s—v, r>v,s>v}

Example 3. Let W3 = {(3,4), (4,4), (5,4), (6,4)}, which is represented in Figure 3 as big red
dots. In addition, Oy (W3) is depicted in Figure 3.

96 o o s o s o o o o
8 e o o o o o o o o
76 o o o o o o o o o
6 e o o o o o o o o
5e o o o o o o o o o
49 6.0.0.0.0 0 0 0 -
3 c © ®© © 6 0 0 0 o
29 o o @ ®© © ® ® @ o
1¢ o o o o o o o o o

123456789

Figure 3. (2;(W3), neighborhood of Wj.

Note that the neighborhood is constituted of an aligned set of triangles. The main
role of the above defined neighbors in the decoding process is described in the next set of
results from [9].

Lemma 2 ([9]). Let C = KerF[erzz]H(zl,zz) with H(z1,20) = Yo<iti<v H(i,j)ziz}. Suppose
that ¥(z1,z2) € C is a transmitted codeword, then & is the support of its coefficients with erasures
and E" C & is the support of the coefficients with erasures that are distributed on a horizontal line
in N3 in a window W of length t + 1 such that E" C W. Consider H and v as in (4), as well as
Hy and vy as in (6). Then, define the vector v by selecting the coefficients v(c,d) of v with
(c,d) € Oy (W)\W. Define Hqy as a submatrix of H accordingly. Then, it holds that

where

Hwvw = —Hq,va,,

)
(1,0) H(0,0)

H(v—1,0) H(v—2,0)

H(v,0) H(v—1,0)

isan (n —k)(t+14v —j) x n(t + 1) matrix.

@)

H(0,0) C®

H(0,0)

H(v,0) H(v—1,0)
H(v,0)
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It is easy to see that the structure of the matrix in (8) is the same as the partial parity-
check matrix of a 1D convolutional code. By taking into account this similarity we define the
1D convolutional code C", which is associated with a 2D convolutional code C as follows:

Ch = KEVF[Z]H(h) (Z), (9)
where
A" (z) = H(0,0) + H(1,0)z+ - - - + H(v,0)z" (10)

with column distances d]C. (0),¢>0.

Lemma 3 ([9]). LetC = KerF[lezz]H(zl,zz) with H(zy,23) = Yo<itj<v H(i,j)zi). Suppose
that ¥(z1,z2) € C is a transmitted codeword, £ is the support of its coefficients with erasures, and
EN C & is the support of the coefficients with its erasures distributed on a horizontal line in N3 in a
window W of length t + 1 such that " C W. If O, (W;) contains only indices in E" (and not in
E\(EM)), we have

HWvW = a]‘o, (11)

where aj; = —Hq,vq, is known and Hyy is as in (8). Moreover, consider the 1D convolutional
code Cy, with a parity check as defined in (10) and with a column distance dy, £ > 0. If there exists
Co such that at most there are dj — 1 erasures that occur in any (Lo + 1)n consecutive components
of vy, then we can completely recover the vector vyy.

The requirement for Qyy to contain just the erasures in £” plays the role of the safe
space for the 1D convolutional codes.

Example 4. Let C be a 2D convolutional code with a parity-check matrix as follows:
H(z1,22) = H(0,0) + H(1,0)z; + H(0,1)z + H(2,0)z> + H(1,1)z122 + H(0,2)25.

We define the 1D convolutional codes C" = Ker]F[Z]H ), where

A

A = H(0,0) + H(1,0)z + H(2,0)z"

Let us assume that we receive the pattern of erasures that are shown in Figure 4 (red dots), and
let us consider the erasures on the first line (big red dots), i.e.,

&l ={0(3,3),v(4,3),(5,3)}

and set W = Sé’ . To correct 5;}, we use the code C by Lemma 3. To do so, we build a system as
in (3), where

H(0,0)
H(1,0) H(0,0) v(3,4)
g0 _ | H(2,0) H(1,0) H(©0,0) v(4,4)
= H(2,0) H(1,0) H(0,0) |” Y& = | v(54)
H(2,0) H(1,0) v(6,4)
H(2,0)
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and

H(0,2) H(1,1) H(2,0) 0  H(0,1) H(1,0) (3,3
H(0,2) H(1,1) H(20) 0  H(0,1) 0(2,4
H(0,2) H(1,1) 0  H(0,1) (5,2

=7 H(0,2) H(1,1) 0  H(0,1) 0(4,3
1

In Lemma 3, it is said that one can conduct a partial correction in line by using the
column distances of the used convolutional code. In Example 5, we can see how this partial
recovery is performed.

Example 5. Let C be a (3,1,2) 2D convolutional code with a parity-check matrix
H(zq,z2) = H(0,0) + H(1,0)z1 + H(0,1)zo + H(2,0)z3 + H(1,1)z120 + H(0,2)z3. Let us
assume that we receive the pattern of erasures that are shown in Figure 4 (red dots). As mentioned
above, we will try to recover the horizontal lines from below to above; therefore, we will try to recover
the erasures on the first line (big red dots), i.e., E" = {v(3,3),v(4,3),v(5,3)}. Since we have some
erasures on the top line, we will consider the code Ch associated with the neighbor )y (& h) (i.e., the
whole gray area).

Coeff. | # Erasure

2(3,3) 3
v(4,3) 2
v(5,3) 1

Figure 4. Erasures (red dots) distributed in N2,

We assumed that the 1D convolutional code Cy has the column distances dy = 2, di = 4,
dy =5, and d3 = 6. Note that the total amount of erasures holds that 6 < d3 — 1 = 6; therefore,
we have to consider a window of a (L +1)n = (3 4+ 1)3 = 12 size (the big red dots and black dot).
By following the proof of Lemma 3 in [9], we picked the first (L + 1)(n — k) = 32 equations from
the system I:Ioghf/gh = dg and obtained the following system:

H(0,0) v(3,3)

H(1,0) H(0,0) 0(4,3) | .

H(2,0) H(1,0) H(0,0) 0(53) | X
H(2,0) H(1,0) H(0,0) || v(6,3)

As proven in [13], once we solved this system we were able to successfully recover the erasures in
v(3,3). We then shifted the window and repeated the process until the recovery was fully completed.

As we mentioned at the beginning of this section, analogous methods can be described
by taking lines of erasures in a vertical or diagonal fashion. In [9], it was said that, to
decode a set of erasures in the grid N2, one can carry out the horizontal decoding as was
explicitly conducted above in the “from below to above” direction until is not possible
to correct anymore. Afterward, execute the algorithm by taking the vertical lines of the
erasures and correcting them in the “from left to right” direction until no more corrections
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can be made. Finally, we followed the same procedure with diagonal lines of erasures, and
we then repeated this cycle until any of them were able to recover further information.

3. Construction of 2D Convolutional Codes from 1D Convolutional Codes

In this section, we propose a construction of 2D convolutional codes from a 1D
convolutional code.

Let C be an (1, k) non-catastrophic 1D convolutional code with a parity-check matrix
A(z) = Y%, Hiz' € Fy[z]"~K)*". Consider the 2D convolutional code C, which is defined
by the parity-check matrix

v 2

oi i i

H(z1,27) = ZZszlz ]z]2 !
i=0 j=i

= Hy+ Hyiz1 + Hpzp + sz% + H3z1z)
+Hyzs + -+ Hyzd + -+ HyZb. (12)

We consider the 1D convolutional codes associated with C (named horizontal, vertical,
and diagonal), which are constructed by its line positions as follows:

e  Horizontal: C" = KerH"(z);

e Vertical: C? = KerH"(z);

e  Diagonal: C¥ = KerH%(z),

where the matrices H", H°, and H? € F,[z] (n=k)xn are defined by

v .
H"(z) = Y HZ
i=0
= Hy+ Hyz 4+ Hpz> + - - - + H,Z".
v .
H%(z) = ) Hyz'
i=0
= Hy + Hpz + Hyz?> + - - - + Hoy2".
V .
Hd(z) = Z Hy iz
i=0
= Hy + Hy11z + HysoZ? + -+ + Hy 2",

Naturally, at this point, one wants to know if the optimal properties of C are inherited
by the line associated codes Cch, C?, and C. In particular, we were interested in the
complete-MDP property. In general, these codes did not inherit this property as the next
examples show.

Example 6. In [28], Almeida and Lieb presented a description of all (2,1,2) complete-MDP
convolutional codes over the smallest possible fields. Let C be the one of these (2,1,2) convolutional
code over Fy3, which is defined by the parity-check matrix H(z) = H, + Hyz + Hyz?, where
H, = [1,1], Hy = [2,9] and Hy = [8, 8], which is a complete-MDP (as stated in Theorem 13 [28]).
Note that the partial parity-check matrices for the vertical, horizontal, and diagonal associated
codes are
. Hy Hy n_ H H i _ Hy H;
.VJU— ( " 52 Hy )‘6 N ( " Z? Hy )fJ o ( " Z; H )I

respectively, and the parameters of these codes are (2,1,1). For $°, the non-trivial zero minor,
which is zero, can be obtained by considering columns 1, 5, and 6:
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O O =
= o O
= 00 O

which means that C? is not a complete-MDP. With a similar reasoning, we see that C"* and C*
are also not complete-MDPs. As such, in this case, no associated code maintained the complete-
MDP property.

Next, we considered a 1D complete-MDP, which is defined in [17], as follows:

Lemma 4 ([17]). Fora,b € N, withb < a, let

1 0
X = T c 7axa
0 1 1

and let X := (Xb)ﬁ’:_"l:: be constructed out of rows 1 < iy < ---i, < aand columns 1 < j; <
e S j1’ S a Of

1 0
8
XP=1 b
1

0 1 Gy o () 1]

Then, we have det(X) > 0 and det(X) > 0 < jy € {ij —b,...,i;} for| =1,...,7.

Theorem 5 ([17]). With the notation from the preceding lemma, choose X € F(V+L+1)mx(v+L+1)n
ie,a:=(v+L+1)n,aswellasb:=vn+k.

Forj=0,..,Lset i = {(v+jn+k+1,., (v+j+)n}and I = U]If:OIj. Then, those
rows of X?, whose indices lie in I, form the partial parity-check matrix of an (n,k,8) complete-

MDP convolutional code if the characteristic of the field is greater than (Ll /2V(nu:ik) | ) (n=k)(L+1)

(2= K)(L+1))20-0(L40),

Let C be the 1D complete-MDP convolutional code defined in Theorem 5 with the
degree 2. In the construction, it was assumed that 26 = 2v(n — k). The associated line
codes defined from C had the parameters (11, k, ).

The next theorem shows that the associated vertical 1D convolutional code was also a
complete-MDP.

Theorem 6. Let C be a 2D convolutional code that was constructed as in (12) by using a (n, k,25)
1D complete-MDP convolutional code C, as shown in Theorem 5 with the parity-check matrix
H(z) = Y%, Hz', where 2v = nz—_‘sk. Then, the associated line code C° with the parity-check matrix

v .
HY(z) = ZHZizl
i=0

isan (n,k, ) 1D complete-MDP convolutional code.
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Proof. The proof follows since every full-size minor of £ that is not trivially zero is
a non-trivial minor of X?, which is a super-regular matrix by Lemma 4. In fact, Lieb
showed Theorem 5 [17]. This proof involves demonstrating that the conditions of the
indices of the columns in the partial parity-check matrix $), which describes non-trivial
zero full-size minors, are equivalent to the conditions outlined in Lemma 4. Moreover,
both sets of conditions were found to be mutually equivalent to j; € {I +kx,...,[ +kx +
vn +k}, where x € {0,...,L} is chosen such that! € {x(n —k)+1,...,(x+1)(n —k)}.
Now, to prove the theorem, it is sufficient to observe that the columns of $? still satisfy
jre{l+2kx,..., 1+ 2kx+2vn +k}\{(x+1)n+1,...(x +2)n}, where x € {0,...,L/2}
is chosen such that! € {2x(n —k) +1,...,(2x +1)(n — k) }. It is worth remembering that
$? is obtained from $ by removing all the block-rows (of size n — k) and block-columns (of
size n) with odd indices. [

Although the horizontal and diagonal associated line codes do not maintain the opti-
mality as is the case in the vertical one, these codes still satisfy a weaker optimality property.

Theorem 7. Let C be a 2D convolutional code, constructed as in (12), by using a (n,k,26) 1D
complete-MDP convolutional code C, as represented in Theorem 5 with the parity-check matrix

H(z) = Zgo H;z!, where 2v = nz—_‘sk. Then, the horizontal C" and the reverse diagonal cd
associated line codes are expressed with the parity-check matrices
v .
H"(z) = Y HZ
i=0
= Hy+ Hyz 4+ Hpz> + - - - + H,z".
_ v ,
Hd(z) = Z Hy,_z'
i=0
= Hy + Hy1z + Hys22* + -+ + Hp 2",
respectively, which are (n, k, §) 1D convolutional codes with the column distance d5, = (n —k)(v+1) + 1.
Proof. By ([15], Prop 2.1), we need to show that the matrices

Hy Hp,
Hh = o H =
Hi/ v HO HU cee Hz,/

have the property that every full-size minor that is non-trivially zero is non-zero. Note that

H can be viewed as the submatrix of the partial parity-check matrix of C, £ by considering
it as the first (v +1)(n — k) rows and (v + 1)n columns. In this context, considering that §) is

superregular, we can deduce that, within 9, every non-trivial full-size minor is non-zero.

For H", note that it is exactly the submatrix of § that considers the first (v + 1)(n — k)
rows and the columns with indices in the set {2vn +1,...,(3v + 1)n + 1}, as well as
the conditions over the columns of the nontrivial minors that imply the condition of
Lemma4. [

While it is demonstrated in this section that the associated line 1D convolutional codes
do not necessarily inherit the complete-MDP property of the 1D convolutional code C, there
exist codes in which this phenomenon occurs. The next section presents a construction of
a 2D convolutional code from a complete-MDP 1D convolutional code, whose associated
line of 1D convolutional codes are also complete-MDPs. These types of codes are the ones
that perform better with the decoding procedure that we are considering, which we will
also see later in Section 5.
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4. An Optimal Construction
In this section, we present the construction of an optimal 2D convolutional code in the

sense that all its associated line codes hold the complete-MDP property. In this case, we
will use a complete-MDP 1D convolutional code that was introduced in [17].

Theorem 8 ([17]). Let n,k,6 € Nwithk < nand (n — k)|5, and let a be a primitive element of a
finite field F,y with N > (L + 1)2042)n=k=1 Then, H(z) = Y.V_, Hiz' with
azin L az(i+1)n71
H; =

i+1)n—k—1 i+2)n_j_
“2(1 )n 0(2(1 m_f—2

fori=0,...,v= % is the parity-check matrix of an (n, k, 8) complete-MDP convolutional code.

In order to prove the optimality of our constructions, we will need the next result,
which states that the matrices considered in Theorem 8 are superregular.

Proposition 2 ([16]). Let a be a primitive element of a finite field F = I n, and let B = [bi¢] bea
matrix over F with the following properties:
1. Ifbj, #0,then by = abie for a positive integer B;;
2. Ifbjy =0, then by, =0 foranyi >i,orb;p = 0 forany ¢’ < ¢;
3. If€<€/, big;éO,andbm 750, then2,8,-4§ﬁig/;
4 If_i<i/,big7é0,ﬂi’ldbi/g#O,H’IETZZIBMS[%Z'/K.
Suppose N is greater than any exponent of a appearing as a non-trivial term of any minor of
B, then B is superregular.

It is worth mentioning that if we have two matrices A and B that are equivalent
(i.e., that we can obtain A from B by using row and column linear transformations), and if
one of them holds the hypothesis of the theorem, then both of them are superregular.

Theorem 9. Let C be a 2D convolutional code, which was constructed as in (12) by using a

(1,k,25) 1D complete-MDP convolutional code C, as expressed in Theorem 8, with the parity-check

matrix H(z) = Efio Hz!, where v = ﬁ. Then, the associated line codes, C", C?, and C? are

(n,k,6) 1D complete-MDP convolutional codes.

Proof. Recall that the associated line 1D convolutional codes C", C?, and C? have the
parity-check matrices

v .
H"(z) = Y HZ
i=0
= Hy+ Hyz 4+ Hpz> + - - - + HyZ".
v .
H%(z) = )_ Hyz'
i=0
= Hy+ Hoz + Hyz> + - - - + Hpy2".
V .
Hd(z) = Z Hy iz
i=0

= Hy + Hyy1z + Hys02* + -+ + Hp2".
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To see that C", C?, and C? are 1D complete-MDP codes, we need to prove that the
non-trivial zero full-size minors of the matrices

H, H,; ... H
th _ Hy Hy  Ho e FLAD) (k) x (v+L'+1)n
H, H, H

Hpy Hyy 2 Hp

HY = Hay Hy Hy € FEHD—k)x v+l +1)n
Hay H, Hj

Hy H,, ... H,

ﬁd _ HZU . Hl/+l I‘_IV ‘ c F(U—&-l)(n—k)x(v-&-U—i—l)n' (13)
Hpy s Hv+l Hy

are non-zero, where L' = % To this end, we will see that they satisfy the conditions of
Proposition 2, i.e., that they are superregular.
First, since C is a complete-MDP code, we have

Hy, H, . ... Hy
Hy, Hi Hy
Hn= . ' ,
Hy, ... Hy Hp

which has the property that all its full-size minors that are not trivially zero are non-zero.
Note that we can see $° as a submatrix of £ when removing all the block-rows and block-
columns with odd indices. Now, is easy to see that if all of the non-trivial zero full-size
minors of $” are not trivially minors of §), then they are non-zero.

Finally, through following the same argument as in the proof of Theorem 8 in [17], if
we permute the columns of $ and $? in such a way that they have reverse order, then
we have

Hy ... H,; H, H, ... Hy_q Hy
.. .0 .-. and '. ... N ,
HO Hv—l Hv Hv HZv—l H21/
Hy H; ... H, H, Hys1 ... Hyy

which keeps the same terms for the non-trivial zero full-size minors. It is easy to see
that these matrices fulfill the conditions of Proposition 2, thus making them super
regular matrices. [

Example 7. Consider the (3,1,4) 1D convolutional code C' over F pN, which was constructed as in

Theorem 8, having the parity-check matrix H(z) = Ho + Hyz + Hpz? with Hy = [

8 16 ,32 64

a® w® % w «

Hy = al6 432 a4 | and Hy = 2128 4 "
complete-MDP code, N > 7168. The 2D convolutional code obtained by following the proposed

construction was a (3,1, 1) 2D convolutional code with the parity-check matrix

a o ot

a? ot oAl |
128
256

256
512 |. Note that in order to obtain a

H(Zl,Zz) = H() + H121 + HzZz,
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and its line associated codes had the following parity-check matrices:
H"(z) = Hy + Hyz ; H(z) = Hy + Hpz ; H(z) = Hy + Hz.

Note that for C" and L = 6, its line associated codes are therefore L' = 3. Now, it is clear
that $° is a submatrix of $) when looking at (14); on the other hand, S and 59 cannot be seen as
submatrices of $).

[ H» H; Hp T
H, H; Hy H, Hy
H, H; Hy o H
H= H, H; Hy ; HY = 2 HO H . (14)
> Hp

H, Hy Hy H H

H, H; Hy S
L H, H; Hp |

5. Decoding Algorithm

In this section, we provide a decoding algorithm for the 2D convolutional codes whose
associated line 1D convolutional codes were complete-MDPs. We will use Algorithm 1,
which was introduced in the previous section, to perform the corrections over the lines (i.e.,
horizontal, vertical, and diagonal).

First, we present the construction of a sort algorithm to obtain the lines for which we
will perform the correction of erasures. This procedure will provide the set of coefficients
of the received codeword v(z1, zp) for the line decoding that was presented in the previous
section depending on the orientation of the line we need to correct. The mergesort (&)
function will sort the set & € N? by using the above order <.

This algorithm chooses the first horizontal line that has some erasure (i.e., the line £"
where s is the minimum integer such that £ # @), as well as the first vertical line that
has some erasure or the last diagonal lien with erasures. By doing this, we can correct the
lines as explained above. Algorithm 2 depicts the procedure explained in [9] and above in
a pseudo-code fashion.

In the proposed routine, we start by extracting the coordinates with erasures £, and
we later use Algorithm 3 to obtain the sequence of vectors to be corrected by Algorithm 1.
In this case, Algorithm 1 can perform analogously but by building the linear systems as in
Lemma 3. After performing the decoding, depending on the amount of erasures that are
recovered, it changes orientation or returns back to horizontal decoding. When it cannot
correct more erasures in any orientation (fail = 3), it stops.

Very recently, in [10], an alternative decoding algorithm for 2D convolutional codes
was presented. The proposed method also follows the idea of decoding in two directions:
horizontal and vertical. Although the main guideline is similar, the performance and the
algebraic properties used are very different. Let G(z1,z2) be the generator matrix of a 2D
convolutional code, which can be expressed as follows:

G(z1,22) Z G (2 )z,
where y1 = deg, (G(z1,22)) , and Gi(z) (z2) =Y Gijzé. Then, we can encode the message

u(z1,22) Zu 2

to the codeword
my+pn

v(z1,22) Z v
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with @ ) (11,0
v; (z2) = Y, G (z)u;” (z2).
I+k=j
@
)
(z1) determine the j-th vertical line.

Note that, for this description, the coefficients of v:”’(z5) form the j-th horizontal line,

)

and the analogously coefficient v j

Algorithm 2 Decoding 2D convolutional codes

Input: v(z1,z;), received codeword
Output: v(z1,2;), corrected codeword

1: fazl =0

2: med =0

3: ori =0

4: &€ ={v(a,b)|v(a,b) € v(z1,22) and v(a,b) = 0}

5. while fail < 3 do

6: if med = 0 then {Decides orientation depending on med}

7: ori=nh

8: ext =(0,L)

9: else if med = 1 then

10: ori =0

11: ext = (L,0)

12 else if med = 2 then

13: ori=d

14: ext=(L,—L)

15: £t = Algorithm2(E, ori)

16: emin = min (a,b) € £

17: emax = max (a,b) € £

18: [vo,...,v¢] == [0(emin),- - -, V(max + €xt)]

19: [v0, - .., vg] = Algorithm1(Cjy, [vo, - - -, vg])

20: R = {(a,b) |v; = v(a,b) and v; = 1}{correct coordinates}
21: E=E\ R

22: if length(R") = ¢ + 1 then {All corrected)}

23: fail =0

24: med =0

25: else if length(R%") > ¢ + 1 — length(£°") then {Some corrected}
26: fﬂll =0

27: med = med + 1

28: else if length(R%") = £ + 1 — length(£°"") then {None corrected}
29: fail = fail +1

30: med = med + 1

Algorithm 3 Choosing the set of coefficients £ to be corrected

Input: v(z1,22), £ and an orientation h, v or d
Output: &' withi € {h,v,d}.
1: if i=h then
2 = min, ) ee{b} {We pick the index of the first row}
3 &M :=mergesort({(a,b)|(a,b) € £and b = c"})
4: else if i=v then
5 ¢’ =mingee{at {We pick the index of the first row}
6: EY:=mergesort({(a,b)|(ab) € Eanda =c"})
7: else if i=d then
8 @ =max(,pecefa+b} {We pick the index of the last diagonal}

9: &% :=mergesort({(a,b)|(a,b) € Eanda+b=c?})




Axioms 2024, 13,197

21 0f 23

There are two main differences with respect to the algorithm described in this paper,
the first of which is the decoding performance in a given line. While Algorithm 1 tries
forward, backward, and complete-MDP (if possible) decoding for a given line, the method
from [10] performs partial corrections that may leave gaps of erasures, whereby when it
later it tries to fill those gaps it is always in the forward direction. This last-mentioned
process of “filling the gaps” was performed by correcting one point at a time; however, this
may make this algorithm less efficient in terms of time.

The second difference was the requirement of a neighborhood. Whereas our algorithm
needs a safe neighborhood to perform a correction, this new approach does not require it.
This allows it to have more plasticity, that is, it can correct a line when the adjacent ones
still have erasures. This feature makes this new approach more flexible against different
erasure patterns.

Example 8. Let us consider Example 3 in [10]. In Figure 5, the pattern of erasures (x) considered
in that example is shown. We will use this example to understand how different the behavior of the
algorithms is. We assumed that we received a codeword (with erasures) 9(z1,22) = Yo<i j<e z?i]-zﬁz]z,
Vij1
Uij2
in [10], the order of decoding was as follows: First—by horizontal decoding—uvy1, vo3, and v
were recovered. Then—Dby vertical decoding—uog, v30, V11, V31, V12, and vsy were recovered. By
horizontal decoding, we then obtained the rest of v13, V14, V23, V24, V33, and Usg . . ..

If our decoding method is employed, it can be observed that we also can take back the information
but in the following different order:

where * denotes an erasure and v;; = < > fori,j =1,...,6. By applying the algorithm

1. We started with horizontal decoding and found vg1, v3, and vog.

2. Since we could not decode the second line due to an excessive accumulation of erasures, we
changed to vertical decoding. Here, we could compute vy, v39, V11, V31, V12, and v3;.

3. Again, we could not continue due to the amount of erasures; as such, we moved to diagonal
decoding, and—through this approach—uwe recovered v4e.

4. Finally, we switched to horizontal decoding. Through this approach, we could decode the rest
of the erasures one line at a time.

i=6| U601 | Us11 | Ue2,1 * * V65,1 | V66,1
U602 | U612 | U622 * * U652 | V66,2
i=5]| vs01 | Us11 | Us21 * * U551 | Us6,1
U502 | U512 | U522 * * U552 | Us6,2
i=4] 041 | V411 | V421 * * U451 | U461
0402 | U412 | U422 * * U452 | U462
i=3 * * * * 034,1 ’035,1 *
* * * * 034,2 035,2 *
=21 x 11 | Y21 * * U251 | V26,1
* 0212 | U221 * * U252 | U262
i=1] v * * * * 0151 | V16,1
010,2 * * * * 0152 | U162
i=01 vy * V02,1 * Vo41 | V051 | V061
V00,2 * 002,2 * * 0052 | V06,2
z?,-,j j=0|j=1]j=2|j=3|j=4|j=5|]j=6

Figure 5. Pattern of the erasures proposed in [10], Example 3.

In this particular example, in which neither the partial decoding of [10] nor the
complete-MDP property of our algorithm were used, it is easy to see that both of them
produced similar behavior. When the more complex pattern of erasures happens and these
features are needed, then the performance for these two algorithms may differ. With this in
mind, we conjectured that whenever a correction is possible from both routines, then the
efficiency differs whether this “special feature” is needed for each of the cases. That is, if
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one algorithm needs its own special property and the other does not, then the second one
will be more efficient when establishing the time computation. To decide which of these
algorithms works more efficiently and under which circumstances, a deeper and more
complex analysis is required that is beyond the aim of this paper.

6. Conclusions and Further Research

Throughout this paper, we introduced a general construction of 2D convolutional
codes by using 1D convolutional codes. By following this scheme, we proposed two
constructions based on 1D complete-MDP convolutional codes from which one is optimal
for the decoding procedure defined in [9]. We also described and complemented the
decoding algorithm proposed in [9] by providing its pseudo-code, as well as by adding the
possibility of performing the decoding by using the complete-MDP property.

Further research is possible in different directions. Through proposing a general
construction of 2D convolutional codes based on 1D convolutional codes, we have a
starting point to see if an n dimensional (1n-D) convolutional code can be constructed by
using n — 1 dimensional convolutional codes. In the same direction, we could address
the problem of decoding such #n-D codes by using lower dimensional decoding methods.
Moreover, constructions of decoding algorithms for 2D convolutional codes over an erasure
channel is still an interesting topic for future research since there currently exist only two of
these algorithms in the literature.
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