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Abstract—A large class of MDS linear codes is constructed.
These codes are endowed with an efficient decoding algorithm.
Both the definition of the codes and the design of their decoding
algorithm only require from Linear Algebra methods, making
them fully accesible for everyone. Thus, the first part of the paper
develops a direct presentation of the codes by means of parity-
check matrices, and the decoding algorithm rests upon matrix
and linear maps manipulations. The somewhat more sophis-
ticated mathematical context (non-commutative rings) needed
for the proof of the correctness of the decoding algorithm
is postponed to the second part. A final section locates the
Reed-Solomon skew-differential codes introduced here within the
general context of codes defined by means of skew polynomial
rings.

INTRODUCTION

The treatment of cyclic linear codes as ideals of a quotient
of a polynomial ring inspired the extension of cyclic-like con-
ditions to the realm of skew-polynomial (non-commutative)
rings both from the perspective of block codes [4]-[6], [11],
[26] and convolutional codes [12], [14], [15], [25], [29], [30].
One of the nicest features of some (commutative) cyclic codes
is the possibility of designing efficient algebraic decoding
algorithms taking advantage of their rich algebraic structure
[19], [28], [32]. These classic approaches have been adapted
or, in some cases, inspire, decoding procedures for some fami-
lies of cyclic-like codes based on non-commutative polynomial
arithmetics [6], [16], [17], [24]. Dealing with these codes,
presented in the language of left ideals and modules, requires
a training in non-commutative rings which could limit their
difusion and potential practical use among coding theorists
and engineers.

In this paper we simplify and extend to a considerably
broader class of codes the algebraic decoding algorithms
designed in [17] and [18] for skew RS and convolutional
differential RS codes, respectively. These codes were presented
as left ideals of certain non-commutative polynomial rings,
and their decoding algorithms make use of advanced alge-
braic tools like evaluation of non-commutative polynomials.
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In contrast, both the construction of the codes in this note,
and the description and implementation of their decoding
algorithm only require basic Linear Algebra over a field. The
introduction of the (minimal) algebraic machinery needed to
prove the correctness of the decoding algorithm is postponed
till Section III. In this way, the material of Section I is ready
to use even without knowing what a non-commutative ring is.

We work over a general field K, since our interests include
block linear codes (K = F,, a finite field) and convolutional
codes (K = [Fy(t), the rational function field in one variable
t over IFy).

We call our codes Reed-Solomon (RS) skew-differential
codes because they are defined from a skew derivation of the
field K by means of parity check matrices (Definition 2), and
they become MDS with respect to the usual Hamming metric.
As linear subspaces, they are dual to some special type of
linearized Reed-Solomon codes in the sense of [26], and also
they may be seen as a particular case of (o, §)—codes from [6],
with a carefully chosen left ideal generator. This choice allows
the design of the algebraic decoding algorithm developed in
this paper.

Each code C,, «,.4) depends on the three parameters re-
flected in the notation. Concretely, ¢, is a transformation of
K, defined from an element © € K and the skew derivation,
that becomes linear with respect to a suitable subfield K% of
K, a is a cyclic vector of ¢, and d is the designed minimum
Hamming distance of the code. After the description of the
code C(,, a,q)» Section I proceeds to the design of its algebraic
decoding algorithm (see Algorithm 1). It runs at follows: from
a word corrupted by up to 7 = L%J errors, a matrix is
computed recursively from the syndromes. The left kernel of
this matrix contains a nonzero vector p (Proposition 3). With
this vector at hand, a second matrix L is recursively computed.
This matrix gives an easy procedure to get the positions of the
errors (Theorem 4). Once these positions are known, the values
of the errors are the solution of a linear system of equations.

Section II deals with the examples. We analyze when
the finiteness condition (see Proposition 1) that grants the
construction of the code C,, «,q4) holds (Proposition 7 and
Corollary 8). Its turns out that in the cases of interest (block
and convolutional skew-differential codes), the code C'(,, o,q)
is always built (Subsections II-A and II-B). Concrete examples
of application of Algorithm 1 are shown in both cases. The
computations are done with the help of the SageMath symbolic
computation system [31].

Section III is devoted to prove the mathematical results that
ground Algorithm 1. Our algebraic setup requires from the
ring of additive endomorphisms of K generated by K and
the map ¢,,, and the application of Jacobson-Bourbaki’s Cor-
respondence to identify which maps ¢,, are suitable for con-
structing skew-differential codes (Proposition 11). Jacobson-



Bourbaki’s Correspondence is a more general version of
Galois Correspondence that applies to additive maps (like
() Which are not necessarily field automorphisms (see [33]
or [34]). We also use the non-commutative Wronskian and
Vandermonde matrices investigated in [9]. Indeed, it turns out
that R is isomorphic to the factor ring of a skew polynomial
ring by the minimal polynomial of ¢, (see Proposition 14).
This isomorphism eases the conceptual manipulation of the
elements of R in Proposition 17 and Theorem 18. The section
is closed with the proof of the correctness of Algorithm 1.

Section IV gives a precise description of an RS skew-
differential code C(,, o,q) as a left ideal of R (Corollary
25). From the practical point of view, this serves to see in
detail how the codes investigated in [17] and [18] are obtained
as particular cases of C(,, .4 (see Examples 28 and 29).
Besides, a generator of C(,, «,q) is explicitly given. On the
theoretical side, Corollary 25 identifies RS skew-differential
codes as members of the very general family of module (o, §)-
codes defined in [6]. In fact, we precisely characterize the
module (o, §)—codes with “word ambient” ring R (Proposition
23 and Proposition 24), and describe which of these codes
are RS skew-differential codes (Corollary 25), thus enjoying
an efficient algebraic decoding algorithm. We also discuss
(Remark 30) how the dual of an RS skew-differential code
becomes a linearized skew Reed-Solomon code in the sense
[26].

The Appendix contains some remarks on computational
aspects both of the construction of the codes and the decoding
algorithm.

1. DEFINITION OF THE CODES AND SPECIFICATION OF
THEIR ALGEBRAIC DECODING ALGORITHM

Let K be a field. For any additive map' ¢ : K — K, set
K? ={be K : ¢(ab) = ¢(a)b for all a € K}.

A straightforward argument shows that K¢ is a subfield of K
and, obviously, ¢ becomes a K ®—linear map. A tempting idea
is to use good enough field extensions K/K? to design K-
linear error corrector codes with efficient algebraic decoding
algorithms. In this note, we consider additive maps on K
stemming from skew derivations.

A skew derivation on K is a pair (0,0), where o is a field
automorphism of K, and § : K — K is an additive map
subject to the condition

8(ab) = o(a)8(b) + 8(a)b, (1)

for all a,b € K.
Given u € K, let ¢, : K — K be defined by

pu(a) = o(a)u+ d(a), (2)
forall a« € K.

Proposition 1. Assume that the dimension of K as a K%—
vector space is m < co. The minimal polynomial of the K*%+—
linear map ,, has degree m and, henceforth, it has at least a

I'That is, it satisfies that ¢(a + b) = ¢(a) + ¢(b) for all a,b € K.

cyclic vector. Moreover o € K is such a cyclic vector if and
only if the matrix

o w;(a) e wum:(a)
e Pula) Lpu.(a) Y .(a)
erla) @a) e @B a)

is invertible.

Proposition 1 establishes an adequate context to define our
codes from the matrix A. It is worth to mention that the
computation of a cyclic vector a can be randomized and does
not require the computation of K ¥+ (see Remark 9 in Section
1D).

Definition 2. Given 2 < d < m, define the K-linear code
Clon,a,d) © K™ of dimension m —d + 1 as the left kernel of
the matrix

o wg(a) ng(a)
H— Sﬁu(a) (Pu(a) : Pu . (a) 7
erla) gm@) - @ptid(a)

that is, C(ipu,md) = {w e K™ :wH = O}.

It can be proved (see Theorem 13 below) that the minimum
Hamming distance of this code is d, so it is an MDS code.
We will call these codes Reed Solomon (RS) skew-differential
codes. It is worth to mention that when K is either a finite field
or a rational function field over a finite field, its dimension
as a K¥»—vector space is finite for any choice of the skew
derivation (o, ¢), of the element « and of the cyclic vector «
(see Section II). Indeed, m is always equal to the order m of
the automorphism o, when the latter is not the identity map.

Next, let us describe the decoding algorithm for C(%ya’d),
that corrects up to 7 = L%J errors. Suppose that we receive
a word

Yy = (y07"'7ym—1) eKm

with y = c+ e € K™, where c¢ is a codeword, and

e=(epy.-ym—1)

is an error vector, which is assumed to be nonzero in
the discussion below. Suppose that the nonzero components
€kys .-, €k, € K of e occur at the positions 0 < k; < -+ <
k, < m — 1. We assume that v < 7.

We start by computing, for ¢ =0, ...,d — 2, the syndromes

m—1

Sio = Z yiea (@), 3)
=0

which are the components of the vector yH.

For every pair ¢,k of nonnegative integers such that ¢ +
k <27 —1 we may compute S; ;, € K recursively from (3)
according to the rule

Sikt1 =0 (0(Sik) — Sit1x)- “4)



We may thus compute the columns of the matrix

So0 50,1 So,r—1

S10 Sia Sir-1
S = . . .

S‘r 0 S‘nl S‘Fﬂ'*l

3

Next, for 1 < r < 7, let S, denote the matrix formed by
the r first columns of S and compute

0 = max{r : rank S, = r}.

Proposition 3. The left kernel of the matrix

So,o 50’1 50,071

51,0 5171 51,9—1
B= . ) .

5970 59,1 59,9—1

is a one dimensional vector subspace of K1 spanned by a
vector p = (po, ..., py) with pg # 0.

The next step is the localization of the positions
ki,...,k, € {0,...,m — 1} at which the error values
€ky,---,€k, appear. This will be done with the help of a
locator matrix built as follows.

For j=0,....m—1landi=0,...m—60 —1, set
; ifj=0,...,60
oy =47 7 )
0 ifj=0+4+1,....m—1
We may then construct a matrix
loo lon lom—1
l10 lia lym—
L= (6)
lm7071,0 lm7971,1 lmf()fl,mfl

by defining its entries recursively as
liv1; = o(lij-1)+0(li ). )

Fori=10,...,m—1 let ¢; denote the vector of K™ whose
i—th component equal to 1, and every other component is 0.
By Row(LA) we denote the row space of the matrix LA.

Theorem 4. The error positions ki, ...,
those
—1}

k. are, precisely,

ke{0,....m

such that €, ¢ Row(LA).
The error values ey, , . ..,
of the linear system

k;
zO_E €k; (PH_

We are now ready to specify our decoding algorithm.

er, € K are the unique solution

0<i<v-—1).

Algorithm 1. Decoding algorithm for an RS skew-
differential code C',,, ,q)-

o The input is a received word y = (yo, ..., Ym—1) € K™
with no more than 7 = | 41| errors.
« The output is an error vector e = (eg,...,em—1) € K™

such that y — e € Cg, a,4)-

e The algorithm runs according to the following steps:
1. Compute S; o according to (3) for i =0,...,d —2. If
Sio=0forevery i =0,...,d —2, then e = 0.
2. Compute recursively S, for » > 2 by means of (4)
until rank S, <r. Set § =r — 1.
3. Compute a nonzero p = (po, ..., pe) in the kernel of
the matrix B formed by the first 6 + 1 rows of Sy.
4. Compute the matrix L according to (5) and (7).
5. The error positions set T' = {kq, ..., ky } is determined
by
T={ke{0,...,m—1} : €, ¢ Row(LA)}.

6. The error values e, ...,
linear system

Z Yok (o Z ex; ol (a

7. Sete; =0 for i ¢ T. The error is e = (eg, . ..

ek, are the solutions of the

(0<i<v-1).

76m71)-

Remark 5. The location of the error positions from the matrix
LA in the fifth step of Algorithm 1 can be done by several
methods. For instance, one may compute the reduced row
echelon form of LA, as we do in the examples exhibited in
Section II.

II. EXAMPLES

Before giving concrete examples, we discuss under which
conditions the dimension of K as a K ¥+—vector space is finite.
Of course, we also would like to avoid the extreme case where
K = K%+, so we also consider this situation. We first record
separately an alternative description of K ¥+, which will used
several times. Keep the notation introduced in Section I.

Lemma 6. The subfield K¢+ of K admits the following
description:

K% = {be K|o(b)u+5(b) = ub}.

Proof. Tt follows from the identities

wu(ab) = o(a)o(b)u+ o(a)d(b) + 6(a)b
and
pu(a)b = o(a)ub+ 6(a)b,
valid for any a,b € K. O

Proposition 7. 1) The equality K = K*¥* holds if and only
if 0(a) =u(a —o(a)) for every a € K.
2) If K # K% then

Proof. Statement (1) follows immediately from Lemma 1.

As for statement (2) concerns, let us first observe that, since
d(ab) = 6(ba) for every a,b € K,

3(b)(o(a) — a) = &(a)(a(b) = b), ®



by virtue of (1). Now, since K # K%, we pick a € K\ K¥v.
If b € K¥#«, then

5(a)(o(b) —b) = 6(b)(o(a) —a) = (b—o(b))u(o(a) —a),
which is only possible if o(b) —b =0, as §(a) # u(c(a)—a).
Therefore, b € K° and, henceforth, §(b) = u(b — o (b)) = 0.
We thus get that K¢« C K°NK 9 The converse inclusion is
easily checked, so that we obtain

K% = K°NK°. 9)

If o0 = idg, then (9) obviously implies K¥» = K. If o #
idg, we may already pick a € K \ K. Then, for b € K we
get form (8), that

d(b)(o(a) —a) = d(a)(o(b) —b) = 0.

Hence, §(b) = 0 and K° C K?°, which implies, in view of
(9), that K%+ = K°. O

Given an automorphism o # idg of the field K, and v € K,
we may define

don(a) =v(o(a) —a), (10)

for all @ € K, thus obtaining a map d,, : K — K
which is a o—derivation. Indeed, it is already known (see, for
instance, [21, Proposition 1.1.20]), that every o—derivation of
the commutative field K can be expressed in this form (this
fact is easily derived from (8)). With this notation, we derive
the following consequence of Proposition 7.

Corollary 8. Assume that o # idy is an automorphism of
K of finite order m, and that § = 04,,. If u # —v, then the
dimension of K over K%+ is m.

Remark 9. In practice, the computation of one of the cyclic
vectors « predicted by Proposition 1 can be implemented by a
randomized search in K until the matrix A becomes invertible.
This avoids in most cases the computation of the subfield K ¥+,
since the parameter m is either the order of the automorphism
o or, in the pure differential case of interest (namely K =
F(t)), the characteristic of the finite field F.

Next, we discuss how our construction applies to block and
convolutional codes. We also illustrate the execution of our
decoding algorithm with some concrete examples.

A. Block codes

Let us assume here that K = [F is the finite field with
p" elements for some prime p, so our codes become linear
block codes over the alphabet F. Every automorphism of F is
a power of the Frobenius automorphism 7 and, consequently,
has finite order. Additionally, any derivation on I is inner,
this is to mean, it is given by (10), so Corollary 8 provides us
plenty of non trivial examples. The steps of the design method
of a RS skew-differential block code may be then enumerated
as follows:
1) Choose a natural 0 < h < r, and set ¢ = 7* and m =
ﬁ the order of o.

2) Choose v and w in F, with u + v # 0, in order to set the
o-derivation ¢ : F — F as d(c) = v(o(c) — ¢) and the
additive map @, as @, (c) = o(c)u+ (c) for any ¢ € F.

3) By a random search, find a cyclic vector o (see Remark
9).

4) Finally, choose a designed distance 2 < d < m, and set
the parity check matrix A as in Definition 2.

The degrees of freedom of this process suggest how wide
this class of block codes is. Furthermore, RS skew-differential
block codes are not cyclic, see Section IV. Nevertheless,
Algorithm 1 provides a decoding method as efficient as the
classical Peterson-Gorenstein-Zierler algorithm.

Let us now describe a concrete example. Consider F =
Fo(a) the field with 256 = 2° elements, where a® + a* +
a® + a? + 1 = 0. For brevity, except for 0 and 1, we write
the elements of F as powers of a. Let o be the Frobenius
automorphism of F, that is, o(c) = ¢? for any ¢ € F, which
has order m = 8. Then, Corollary 8 says that our code is of
length 8. We set v = a, yielding the o-derivation given by
§(c) = ac® + ac for every ¢ € F, and u = a2, so p,(c) =
a?¢? + ac for every ¢ € F.

We now choose a = a”. The matrix A from Proposition 1
takes now the form

CL9 a146 alOS CL244 a214 0,89 a a200
CL146 a103 a244 a214 a89 a a200 a237
(1103 (1244 a214 a89 a a200 (1237 a95
CL244 a214 a89 a CL200 a237 CL95 a105
A= a214 CL89 a a200 a237 a95 a105 CL175
a89 a a200 a237 a95 0,105 a175 a184
a a200 a237 a95 a105 a175 CL184 (121
a200 a237 a95 a105 a175 (l184 (121 a159

The determinant of A equals a*”, so that « is a cyclic
vector. Finally, we set a designed distance d = 5. Let then
C = Clp,.a95 C F® be the [8,4,5]z56-linear code defined
as the left kernel of the following matrix H. From H, by
standard methods, we have also computed a generating matrix
G. Explicitly,

CL9 a146 alOS Cl244
(1146 al()B a244 a214
a103 a244 a214 a89
R
a a a a
a89 a a200 a237
a a200 a237 a95
(l200 a237 a95 a105
and
1 0 0 0 a105 a69 CL221 (141
01 0 0 a109 CL25 a232 a166
G= 001 0 a145 a54 CL104 a36
00 0 1 a251 a141 a42 aﬁO

The reader may refer to Section IV and Remark 26 for the ex-
plicit calculation of a non-commutative generator polynomial
of C so that the encoding can be performed in a similar way
as for cyclic codes.

Let us exemplify the encoding-decoding process. We recall
that the error-correcting capacity of C' is 7 = 2. Suppose we
want to transmit the message

M = ((161,0,102 182

250
y @ ) a )7



so that we encode it to a codeword
c= MG — (a617a1027a1827 a2 a33,a1267a1217a226) cC.

During the transmission, c¢ is corrupted by adding the error
vector

e =(0,a*0,a*0,0,0,0),
yielding then the received word

y:c+e:

) )

(aﬁl,aG,a182,a1077a33 a126 a121,a226> )

Now, we run Algorithm 1. We first calculate the syndromes
yH = (a32, %, g%, a236) 7

so it is detected some error. The syndrome matrix is then

32 43
= | a% 47
0250 4221

The first column of S is a multiple of its second column, so
that S has rank 1 and, henceforth, 8 = 1. Therefore, the matrix
B in Algorithm 1 takes the form

32

and a basis of its left kernel is provided by the vector

_ 192
p= (a, a ) .

The matrix L defined in (6) becomes
a a®? 0 0 0 0 0 0
a27 a125 a129 0 0 0 0 0
a132 a44 a148 aS 0 0 0 0

_ 193 105 215 102 6

L=1a a a a a 0 0 0 ,
q222 o134 4212 108 134 12 0
q205 G117 4209 216 212 25 24
al®® 70 4195 4206 88 245 222 48

and LA results
Q246 98 G TT 98 245 164 146 23
3T q2T g% 2T 24 129 4103 422
q203 4169 175 169 222 76 244 124

LA=| q26 40 184 40 160 124 214 58
al0 4203 421 4203 155 58 89 116
a3 26 159 26 25 G116 169
bl g0 G198 410 428 169 200 40

The identification of the positions k£ € {0,1...,7} such that
€x ¢ Row(LA) can be easily done if we compute the row
reduced echelon form of LA,

10000000
01010000
00100000

LA ;=) 0000100 0
0000O0T100
0000O0O0T10
0000O0GO0O0 1

It is clear that €; and €3 do not belong to Row(LA). Therefore,
there are errors at positions 1 and 3. We finally need to solve

a linear system in order to recover the error values. Indeed,
the error values are the solution of the system

146 103
a a €1 :( a32 % )
244 es

a214
2

The solution is, as expected, e; = a? and es = a’.

B. Convolutional codes

Another case of interest is K = F(t), the field of rational
functions over a finite field F. Linear codes over F(t) are
examples convolutional codes, see [10] for details. It is well-
known that the group AutgF(¢) of all F-linear automorphisms
of the field F(¢) can be identified with the projective general
linear group PGL(2,F) via the map ® : PGL(2,F) —
AutpF(t), which maps any matrix M = (71 52 ) € PGL(2,F)
to the automorphism ®(M) determined by the rule ¢t —
%. Every automorphism of K has then finite order and,
on the other hand, the field of constants of any derivation of
F(¢) has finite index. Thus, Proposition 7 says that virtually all
choices of o, § and u lead to non trivial RS skew-differential
convolutional codes to which the decoding algorithm 1 may
be applied.

Remark 10. Algorithm 1 deals with the Hamming metric,
which is not the usual distance considered in convolutional
codes. However, the use of Hamming distances in the con-
volutional setting might be of interest in the technology of
distributed storage (see [18, Sect. 2] and [1]).

Let us now detail a specific example. Let F = Fy(a), where
a’?+a+1 = 0, the field with four elements and set K = F(¢)
the field of rational functions with coefficients in F. We shall
follow likewise the construction method in Subection II-A.

As commented above, an automorphism of K is determined
by four elements o1, 09, 03,04 in F verifying o104 — 0903 #
0. Set 0y =0, 00 =1, 03 =1 and o4 = a yielding the
automorphism o : K — K determined by o(t) = 1/(t + a),
which has order m = 5. For simplicity, we fix v = 1, so that
d(c) = o(c) — ¢ for any ¢ € K, and v = 0, and then ¢, = .
Now, consider v = ¢. Since the matrix

" t2+at+1 t2+at+1
t+a t+1
t2+at+1 t2+at+1 titatd 412
t+a t+1 31
A= t24at+1 titat® 412 t2+at+1
t+1 t34+1 t
ttyat® 4¢3 t>+at+1 t2+at+1
t3+1 t a2t2+t
t’+at+1 t?+at+1 a*t* 3 tat’+at+1
t a2t2+t a2t3+at2+t
t*4at 12 t?4at+1
t3+1 t
t’>+at+1 t’+at+1
t a2t2+t
t’+at+1 a?t* 3 tat’fat+1
aZt?+1 aZt3+at?+t
a*t* +t34at’+at+1 t24at+1
aZt3+at?+t at?+t
t2+at+1 t24at+1
at?+t t+a+1

is non-singular, we get from Proposition 1 that « is a cyclic
vector for §. Finally, the designed distance is selected to be d =



3. So the skew-differential convolutional code C' = C{;; 3) can
correct a single error, and a parity check matrix takes the form

¢ t?fat+1
t+a
t2+at+1 t>+at+1
t+a t+1
o= > tattl t* a3 412
t+1 t3+1
ti4at3 412 t’+at+1
t3+1 t
t2>+at+1 t2>+at+1
t aZt?+t

Let us briefly exemplify our decoding algorithm. Suppose that
we receive the word

2+t
=(0,1,d* —5——,0]),
Y ( Rt 1 )

whose matrix of syndromes is as follows:
2 tat? 4t
g — td+at2+at+1

t3+at’> 4t
23+ aZ 2 H it 1
Henceforth, the system detects errors during the transmission.
Clearly # = 1 and B = S, and the vector p becomes p =
(1,at 4 1). The matrix L takes the form

1 a?t+1 0 0 0
2,2
a?t?+1 t+1
L _ O t+a t+a O O
- 0 t’+at+1 1 t+a+1 0
at+a at+a
0 ttatd+t? t’+at+1 1 a’t
at3+a at?+at+a a?t?+t+a at+1

We then compute LA and its row reduced echelon form
obtaining that

1 0000
01000
Ldwee =1 o 1 ¢ 0
00010

It is clear that €4 does not belong to RowL A, so we find an
error at position 4. When computing the error value we find
that

t2
T ta?tat+1
Therefore, the correction gives the codeword
2+t 2
c=(0,1,a% 1 ,
a?t?+t+ 1" t*+at2 +at+1

€4

and the original message would be M = (0, 1, a?).

III. MATHEMATICAL SET UP AND PROOFS

The aim of this section is to prove the mathematical results
that ground Algorithm 1. So, let (0, d) be a skew-derivation
on a field K, as defined in Section I. Recall that, for each

u € K, we define
pula) = o(a)u+6é(a), (11)

for all @ € K, thus obtaining a map ¢, : K — K. This
additive map becomes right K*¥+-linear, where

K% ={be K : p,(ab) = @, (a)b for all a € K}

is the ,—invariant subfield of K.

Let End(K) denote the ring of endomorphisms of K
as an additive group. Let R be the subring of End(K)
generated by K and ¢,. Here, K is seen as a subring of
End(K) by considering each element a of K as the additive
endomorphism given by multiplication by a.

Proposition 11. If the dimension of K as a K¥*—vector space
is m < oo, then the minimal polynomial of ¢, as a K¥—
linear map has degree m. Consequently, ¢, has at least a
cyclic vector o € K. Moreover,

R=K®Kp, ® - &Ko " (12)
Proof. Tt easily follows from (1) that, in End(K),
Pul@ = cr(a)cpu + 5(“)5 (13)

for all @ € K. This implies that R = K + K, + K2 +---.

Now, since dimg¢. K = m, the minimal polynomial of ¢,
as a K*¥+—linear map has degree n < m. This in particular
implies that R = K + Ko, + -+ + K"~1. On the other
hand, by Jacobson-Bourbaki’s correspondence [33, Theorem
4.1], m = dimg R. We thus derive that n = m and (12). [

In the rest of the paper, we assume that dimge. K =m <
00. According to Proposition 11, the minimal equation of ¢,,
over K¥+ has degree m, that is, is of the form

m—1

0=y + tm—1py

with p; € K%« fori =0,...,m — 1.
Let o € K. For any subset {t1,...
define, following [9], the matrix

ot e o (14)

,tn} C€{0,...,m—1},

W(git(a),... o (a)) =
P (@) P - pir ()

R G A C)) SR )

et e) et Ha) et Ha)
Lemma 12. Given o € K, the following conditions are
equivalent.
1) « is a cyclic vector for the K¥“—linear map o,,.
2) W(a,pu(@),...,o" Y a)) is an invertible matrix.
3) W(phi(a),..., ¢l (a)) is an invertible matrix for every
subset {t1,...,tp} C{0,...,m —1}.

Proof. For every nonzero ¢ € K, consider the conjugate of u
by c:
“u = o(c)uc ™t + d(c)c .

By Lemma 6,
K% ={ce K\ {0} | ‘u=u}U{0};

the latter being the (o — §)—centralizer of u in the terminology
of [9]. Since « is a cyclic vector for ¢, precisely when
{o, pula),...,om Ha)} is a K¥u-basis of K, we may
apply [9, Theorem 5.3] to deduce that the three conditions
are equivalent. O

Proof of Proposition 1. It is a consequence of Proposition 11
and Lemma 12.



Fix a cyclic vector « € K of ¢, Let A =
W, ou(),..., ™ (a)) which, by Lemma 12, is an in-
vertible matrix with coefficients in K.

Theorem 13. For 2 < d <m, let C(%,md) C K™ be the left
kernel of the matrix

a pula) -0 @2
2 .. d71
g wu(a) sou.(a) | o as)

e (a) ¢l() AR ()
Then C,, a4 is a K-linear code of dimension m — d + 1
and minimum Hamming distance d.

Proof. Since H consists of the first d — 1 columns of the
invertible matrix A, we get that the dimension of the left K—
vector subspace C(,, ,q) i m — d + 1. Every submatrix M
of order d — 1 of H is of the form

%021 () @%ﬁi(a) T %Zf’j 2(04)
oy’ (a) (pu2+ (Ot) e (pu2+ (a)

= X . . )
@Zd—l (a) (pZd 1+1( ) (Pﬁd—ﬁrd*?(a)

where {k1,...,kq—1} C {0,...,m — 1}. We see that

M = W(SDZI (a)v SRR @Zd 1( ))t7
which is, by Lemma 12, invertible. Hence, the Hamming
distance of C(,, «,q) 1 d. O

The proof of Lemma 12 is based on a result from [9] in
the realm of the theory of skew polynomials. Indeed, for some
purposes, it is useful to understand the ring R as a factor ring
of a ring of skew polynomials. Let us derive such a description.

The skew derivation (o, ¢) leads to the construction of a non
commutative polynomial ring R = K[x;0,d], often called a
skew polynomial ring (see, e.g., [21]). The elements of R are
polynomials in an indeterminate x with coefficients from K
written on the left (that is, the monomials 1, z,22,... form a
basis of R as a left vector space over K). The multiplication
of R is subject to the following rule:

za = o(a)x + §(a), (16)

for all ¢ € K.

Proposition 14. The map w: R — R that sends ), fix® onto
> fipl, is a surjective ring homomorphism whose kernel is
Ry = uR, where

m—1
p=a"+ Y
1=0

is a polynomial in R built from the coefficients of the minimal
equation of @, see (14).
Hence, there is a K-linear isomorphism of rings R/ Ru =

R.

Proof. Observe that 7 is clearly left K-linear and, from
Proposition 11, surjective. It is multiplicative since ¢,, satisfies
(13). Its kernel is an ideal I of R which, as a left ideal,
is generated by the monic polynomial ~ € R in I of least

degree, due to the left Euclidean division algorithm enjoyed
by R (see, e.g. [21]). Also, the degree of h is the dimension
of R/I = R as a left K—vector space. By Proposition 11, this
dimension equals m. We see that p fits these requirements, so
that h = p, and I = Ryu. Finally, since I is an ideal, we get
that [ = puR as well. O

We may thus identify R with R/Rpu, and, therefore, its
elements with polynomials in R with degree smaller than m
(this identification makes correspond ¢,, with x). This view
makes some concepts more natural, like the degree of an
element of R.

The coordinate isomorphism of left K—vector spaces

m—1

(Y fie® = (fo fry- -

=0

UIR—}Km, afm—l))
allows the transfer of elements and vector subspaces between
both K—vector spaces.

We are ready to consider our decoding algorithm. Let ¢ €
C(p,,a,d) be a codeword that is transmitted through a noisy
channel, and let

y= (yanla"'aym—l) S K™

be the received word. We may decompose y = ¢ + e, where
€m71) c KM

is the error vector. By ki,...,k, € {0,1,...,m — 1}
we denote the positions where the nonzero error values
€ky,---s€k, € K occur. We prove first that the latter can
be computed from y once the positions are known.

Proposition 15. If 0 < i < d — 2, then

m—1
Z Yo (o Zek Pl (a

Therefore, if v < d — 1, then (ek,,...,€k,) is the unique
solution of the linear system of equations

62(605617"'7

a7)

m—1

i+j Z+k:
YiPu j Zek Pu
j=0

(0<i<v-—1).
(18)

Proof. The equations (17) hold because C,, «.q) is the left
kernel of the matrix H defined in (15). The linear system (18)
has a unique solution since the matrix

eyt (a) eyt (a eyt ()
(pu2 (OL) 90u2+1(a) T ¢u2+7j 1(0[) -
o) pht(a) Pltr1 ()
W (gt (@), ., @ (@)
is invertible by Lemma 12.
O

Our aim is then to design an algorithm for computing the
positions ki, ..., k, where the errors ey, , ..., e, appear. We
assume in our exposition that e # 0.



For every pair (7, k) of non-negative integers, set

zkfchhqc

) (ex,), (19)

where

P(a) = o~ (6(a) — ua) (20)
for all ¢ € K.

Lemma 16. For all pairs (i, k) of non-negative integers, we
have

o(Sik+1) = 06(Sik) — (@2))

Sit1,k

Moreover,

Sio = Z ygSOHJ

for every i = 0,...,d — 2, and the values S;;, can be
computed recursively by means of (21) from the received word
y whenever i + k < d — 2.

Proof. Observe that

o(atp(b)) =
for all a,b € K. Indeed,

o(ap()) E

(22)

d(ab) — pu(a)d, (23)

a(a)(6(b) — ud)
L 5(ab) — 8(a)b —
D 5(ab) — pu(a)b.
For every pair (i, k),

o(a)udb

2T oled™ (@)eh (er,)
B 6™ (@)t (er,)

— Y e T @)k (en,)
5(Si}k)—

Finally, since K is commutative, (22) follows from (17).
O

o(Sik+1)

19
© Sit1,k-

Set T = {ky,...,ky}, and let Ay be the submatrix of
A = W(a,p,(a ),...,(pL” 1(a)) formed by the columns at
positions k1, ..., k,, that is

A X
pura) A ()

fu+(1 a)

Pu' T (@)
Ar = .
Ptml() phtmla) e ghetmoi(a)
Proposition 17. Define, for every 1 < r, the matrix

W*l (ekl )

B - wr_l.(ekz)

er, lex,) v er,)

and set
0 = max{r : rank E, = r}.

1) If V.C K™ is the left kernel of the matrix Ay FEy, then
o~ Y(V) = Rp for some p € R of degree 0.

2) If B is the matrix formed by the first 0+1 rows of At Ey,
then we may choose p = po + p1x + - - + pea?, for any
nonzero vector (po, p1, ..., pe) in the left kernel of B.

Proof. (1) We will prove that the K-vector subspace I =
o~ 1(V) of R is a left ideal. To do this, we need just to check
that xI C I. Given Z;T;Ol a;x' € R we get from (16), since
© =0 in R, that

m—1 m—1
x(z a;T Z o(ai—1)+d(a;) — a(am,l)ui)xi, (24)
i=0 i=0

where we set a_; = 0.
Suppose that (ag, . - ., Gm—2, @m—1)ATFEg = 0. The maxi-
mality of 6 ensures that the last column of Ejp, is a right

linear combination of the former 6 columns. Hence,
(a(]a sy A2, am—l)ATEG—i-l =0.

Observe that

So’o 50,1 50,0
S1,0 S S1,0
ArEgiq = ) ) )
Sm—10 Sm-11 Sm—1,6
Therefore,
m—1
> aiSik =0, for all 0 < k < 6. (25)
i=0
For 0 < k <6 — 1 we have
Z;Z_ol (o(ai—1) +6(a;))Six < Z?:ol{ff(ai—l)sm
+5(a‘5¢ k) — o(ai)o(Sik)}
(25)
( —1)P4,k

)S
_Zz 0 U( i)6(Sik)
W1 (a, DSk
Zz 0 Yo )

- Yico 0 o )S
=3 olais1)Sik

—U(Zi:_o @iSi k+1)

=3 o(as) Siv
Byt olaio1) S

— 0 o(a)Sipak

=—0(m-1)Sm k-

(al U( i k+1)
(az i+1,k

Since, by (14), o + 7t il = 0, we get

Smp = iieu 7 (@)k(er,)
= Yl szolﬂz@ﬁ (@) (er,)
= = e S e T (@) (e
= _Z =0 Mz ik



Then 275 (o (ai1) + 8(ai))Sin = 200" 0 (@m—1)piSin

and, therefore,

(bo,bl,...

where b; = o(a;—1)+6(a;)—0o(am—1)u; fori =0,...,m—1.

We thus deduce from (24) that x(zzn:?)l a;x") € T when-
ever Z;’;Bl a;x" € I. Hence, I is aleftidealof R and I = Rp
for some nonzero polynomial p. As for its degree concerns,
we have

ybm—1)ATEg =0,

R m
deg p = dimg R—p =dimg V= 0,
since ArEy is full rank.
(2) We know from (1) that, if p = pg+-- -+ pgare, then the
vector (pg, ..., pg,0,...,0) € K™ belongs to the left kernel
of ArEy. Now, the statement should be clear. O

Next, we will state the result that will allow the location of
the error positions. We need to construct a matrix from the
polynomial p given in Proposition 17.

For j=0,....m—1landi=0,...m—60—1, set

;o ifj=0,...,0
le: P 1 j ’ ’ ) li,—1 =0.

’ 0 ifj=0+1,....m—1 ’
We may then construct a matrix

lo,o lo1 lo,m—1

Lio Lia Um—1

L= (26)
Z7717‘971,() lm7971,1 lm7971,m71

by defining its entries recursively as
=o(lij-1) + (i ;).

Fort=0,...,m—1, let ¢; denote the vector of K" whose
i—th component is equal to 1, and every other component is
0. By Row(LA) we denote the row space of the matrix LA.

Theorem 18. If T = {kq, ..
then

lit1,

., ky } is the set of error positions,

T={ke{0,...,m—1}: e, ¢ Row(LA)}.

Proof. Let us first prove that the rows of L form a K-basis
of V = ker(-ArEjy), the left kernel of ApEy. According to
Proposition 17, v(Rp) = V, where p = Z?:o pix’.

Observe that p,xp,...,2™ =% have different degrees
0,...,m—1, so they are K-linearly independent in R. Since
the dimension of Rp is m — 6, we get that they form a basis
and, hence, the rows of

oz~ %p)

give a basis of v(Rp). Note that the first row of M, is v(p).
Indeed, a straightforward computation based on (1) leads to
admit that the j-th row of L is, precisely, v(z7p), for j =
0,...,m—1—0. Thus, L = M,,.

Let I be denote the identity matrix of size m x m, and
denote by Ip the submatrix of I formed by the columns
at positions ki,...,k,. Note that A7 = Alp. This implies
that Row(LA) = ker(-IpFEyp). Indeed, we have proved that
Row(L) = ker(-ArEp), so that

Row(LA) = {z|zA~' € Row(L)}
= {z|zA7 ! €ker(-ArEy)}
= ker(-IrEp).
Let i € {0,...,m — 1}. If i € T, then ¢;I7Fy is the i-th
row of Ejy, while if ¢ ¢ T, then ¢;I7Ey = 0. Since every row

of Ey is non zero, we get that ¢; € Row(LA) if and only if
1¢T. O
In our decoding algorithm, we need to compute 6 from the
received word y. To this end, set
d—1
r= 151,
the integer part of (d —1)/2.

Lemma 19. For every r > 1, define the matrix

So,0  So,1 So,r—1

Si0 Sin S1r-1
S’r' = . . .

ST,O ST,l S‘r,'r‘—l

If v <, then = max{r : rank S, = r}.

Proof. Observe that S, = M E,., where

fﬁl (1a) ffﬁ ga) fﬁ” ga)
(pu1+ (Oé) wu2+ (CY) (puv+ (a)
M= , _ .
et (@) ot (@) e ket (a)

Since v < 7, the rank of M is v due to Lemma 12. We thus
get that rk S, = rk E,. for all » > 1, which gives the desired
determination of 6. O

Next, we derive the proofs of Proposition 3 and Theorem
4,

Proof of Proposition 3. Lemma 19 gives that, whenever v <
T?

max{r : rank S, = r} = 0 = max{r : rank E, = r}.

By Lemma 16, the matrix B consists of the first § 41 rows of
ArFEy, as in Proposition 17.(2). Now, B has rank 6, so that its
left kernel is of dimension 1 as a K—vector space. Proposition
2 guarantees that (pg, p1,.-.,pe) belongs to this kernel and

po # 0.

Proof of Theorem 4. By Lemma 19, since we assume that
v < 71, we get that

max{r : rank S, = r} = 0 = max{r : rank E,. = r}.

Thus, Theorem 18 is of application to obtain the first part of
Theorem 4. The second statement is given by Proposition 15.

We finally state and prove the main result in this paper.



Theorem 20. Assume K to be a commutative field and v <
7 = |[(d — 1)/2]. Then Algorithm 1 correctly computes the
error vector.

Proof. The output of Line 1 is e = 0 since C(,, ,q) is the
kernel of the matrix H in Definition 2. Line 2 runs whenever
e # 0. In such a case, since we are assuming the the number of
errors is v < 7, it follows from Proposition 15 that .S; o # 0 for
at least one 0 < 4 < 7, as the linear system (18) has a unique
solution. This is to mean that S; # 0 and, henceforth, always
under the condition v < 7, the number # computed in Line
2 equals max{r : rank S, = r}. Proposition 3 guarantees
the existence of a nonzero vector p to be computed in Line
3, which serves as the initial datum to the calculation of the
matrix L in Line 4. Finally, Theorem 4 assures that the error
positions and values computed in Lines 5 and 6 lead to a
correct output in Line 7. O

IV. SKEW-DIFFERENTIAL CODES AS (o, 0)—CODES.

In Section III, the ring R was proved (Proposition 14)
to be isomorphic to a factor ring of the skew-polynomial
ring R = K|z;0,9]. Indeed, as we will see later, the codes
C(wu,a,d) are left ideals of R and, henceforth, they constitute
a class of (o,d)—codes in the sense of [6], which enjoys
an efficient algebraic decoding algorithm (see Algorithm 1).
In this section, our aim is to describe precisely how the
codes C(,, a,q4) look like from the perspective of the ring R,
although this view, we think, is less practical, for our purposes,
than our choice in the previous sections, which are independent
from the forthcoming material.

Given u € K we may consider the principal left ideal R(x—
u) of R generated by x — u € R. Since K is a subring of R
in the obvious way, the factor left R—module R/R(x —u) is a
left K{—vector space of dimension 1. An explicit isomorphism

R/R(z —u) 2 K 27)

sends the equivalence class of g(x) € R onto its right
evaluation glu] € K, defined as the remainder of the left
Euclidean division

9(z) = q(x)(x — u) + g[u],

where ¢(x) € R is a suitable polynomial.

The left R—module structure of R/R(x — w) is transferred
to K via the isomorphism (27), and it leads to a ring
homomorphism

(28)

A: R —s End(K), (29)

where End(K) is still denote the ring of all additive endo-
morphisms of K. Recall that A sends f € R onto the map
defined by left multiplication by f according to the left R—
module structure of K. A straightforward computation shows
that A sends f = Y, f;z’ onto Y, f;!, so that it acts as
the map 7 from Proposition 14. Henceforth, the kernel of A
equals Ry = R, and X induces the isomorphism R/Ry =2 R
from Proposition 14. We are assuming, as in Section III, that
u # 0 and its degree is m. Recall that a K-basis of R is
{1,z,...,2™ !} where we are identifying each element of R
with its unique representative in R of degree smaller than m.

This natural basis of R leads to the corresponding coordinate
isomorphism
v:R— K™

Definition 21. A K-linear code C C K™ is said to be a
(0,6, u)—code if =1(C) is a left ideal of R. These codes will
be referred to as skew-differential codes.

Remark 22. In [6], a module (o,d)—code is defined as sub-
module of a left module of the form R/Rf, for some nonzero
skew polynomial f € R. Indeed, their definition is given for
K a finite field but, obviously, it makes sense for a general
field. From this perspective, the (o, d, u)—codes are instances
of module (o, d)—codes, when one sets f = p, the minimal
polynomial of ¢, over K%+ (and, hence, R/Rf = R).

Every (o, d,u)—code admits a nice presentation in terms of
linear skew polynomials. Recall that, for any ¢ € K™, we have
the conjugate ‘u = o(c)uc™t + d(c)c L.

Proposition 23. Every (c,d,u)—code is of the form

C =v(Ryg),
where
g=[z—"u,...,z— “%uly, (30)
the least common left multiple in R of x — “u, ...,z — %y,

for some cq,...,c € K*.

Proof. Observe that the left R-module R/R(x —u) is simple
because it is of dimension 1 as a left K—vector space.
By Jacoboson-Bourbaki’s Theorem (see [33, Theorem 4.1]),
A gives a ring isomorphism R = End(Kge.), so R is
isomorphic to a full matrix ring with coefficients in K¥*. We
know thus that every simple left R—module is isomorphic to
R/R(x—u). This entails (see, e.g., [13, pp. 40-41]) that every
maximal left ideal of R is of the form R (x —°u) for a suitable
non-zero ¢ € K. Since every left ideal of R is the intersection
of finitely many maximal left ideals, we get the description
(30). O

Our next aim is to discuss when the representation (30)
is irredundant, which will also lead to the computation of
a parity-check matrix of the code C. We will use that the
non-commutative evaluation defined in (28) obeys some rules,
which are to be recalled.

Following [22] define by recursion, for a € K:

No(a) = 17
Niy1(a) = o(Nn(a))a + 6(Nn(a)).
If g(z) = >, giz' € K[z;0,0] then, by [22, Lemma 2.4],

gla] = > giNi(a). @31
Following [9], define the Vandermonde matrix
1 1 - 1
Cc1 Co . Ck
Vn(Cl,...7Ck): NQ(Cl) NQ(CQ) NQ(Ck)
Nn—l(cl) Nn—l(CQ) Nn_l(ck)



and the Wronskian matrix

Wi(er, ... cx) =
c1 Co P Ck
P (Cl> QDU(CQ) Qou(ckr)
e t(er) Wi Nea) o M er)
for each n > 1. Then, by [9, Proposition 4.4],
Vo (“u, ... u)diag(er, .. cx) = Wi(er, .. er),  (32)

where diag(cy, . .., ci) denotes the diagonal matrix built from
the list ¢y, ..., ck.

Proposition 24. Ler {c1,...,ct} C K* be a linearly inde-
pendent set over K%+, with k < m — 1, and set

C1 Ck

g=lx—"u,...,x—%*ulp.

Then deg(g) = k, g is a right divisor of u, and v(Rg) is the
left kernel of the Wronskian matrix

Wi (er, ..., c).

In other words, C = 0(Rg) is a K-linear skew-
differential code of dimension m — k with parity-check matrix
Wk(eq,...,ck).

Proof. By [9, Theorem 5.3], deg(g) = k. On the other hand,
f= ZZZOI frx® € Ry if and only if x — % right divides f
for all j = 1,...,m. This is equivalent, by (28) and (31), to
the condition

Foreves St Vin (1t ooy “t) = 0,
By (32), this is equivalent to the condition
(fo, s fm—1)Wh(c1y..oycr) =0
as required. 0

We are now ready to locate our RS skew-differential codes
within the class of all (o, d, u)—codes.

Corollary 25. The code C,, «.q) is a (0,6, u)—code given by
Clpu,a,d) = V(Rg), where
g = [93 — “u,x — tpu(a)u T — ¢Z72(a)u]e.

geeey

Remark 26. The code C(,, ,q) Was defined by means of its
parity-check matrix [ (see Definition 2). Of course, in order to
specify the encoding of messages, one may use the standard
method for linear codes of constructing a generator matrix
from H, as done in Subsections II-A and II-B.

An alternative is to use the arithmetic of the ring R. Indeed,
one may compute the skew polynomial g from Corollary 25
and use it as an encoder similarly to the commutative cyclic
case. As for the computation of g concerns, one may use the
non-commutative extended Euclidean algorithm (see, e.g. [7,
Ch. I, Theorem 4.33]). For instance, in the example described
in Subsection II-A, the set of conjugates becomes

2 3 P
a (o w(a wla _ 137 212 141 225
{ u,‘P ( )uaw ( )U’LP ( )u} - {a @ , , @ }7

so that a generator polynomial of this code is
187 4 212 5 M1

1,4 4 a187zd

r—a], =

9¢
+a33x2 —|—a98x—|—a218.

g=[r—a 225]

Remark 27. Module (o, d)—codes over a finite field F gener-
ated be a polynomial of the form [z — aq,...,2 — au)¢ €
F[x;0,0] have been proved to be MDS in [6, Theorem 5]
whenever a1, ...,a, € F are suitable powers of an element
in the algebraic closure of F subject to additional conditions
called “Hamming 1” and “Hamming 2”. These codes are dif-
ferent, in the case K = FF, from that of Corollary 25, which are
known to be MDS by Theorem 13. Also, a decoding algorithm,
different from Algorithm 1 was designed in [6], under the
condition “Hamming 1” which, in particular, requires § = 0.

Next, we analyze how skew RS codes from [17] and RS
differential convolutional codes [18] are particular examples
of RS skew-differential codes. In this way, Algorithm 1 both
extends to a considerable broader class of codes and, also,
simplifies the decoding algorithms designed in [17] and [18].

Example 28. Let o be an automorphism of K of finite order
m, and choose a cyclic vector o of o as a vector space over
K°. Set B =a"'o(a) and

9= [1' 757‘% 70‘(5)3"'71.70—d72(6)]5a

the left least common multiple being computed in Klz;o].
Skew RS codes from [17] are defined as v(Rg), where

R = K|[z;0]/{z™ —1).
Since 1¢ = 3, and ¢1 = o we see, after Corollary 25, that

U(Rg) = O(ma,d) .

That is, for v = 1 and § = 0, we obtain the skew RS
codes from [17]. Thus, we may apply the decoding algorithm
presented here, which is simpler than that of [17].

Example 29. Let § be any F-linear derivation of the the field
F(t) of rational functions in the variable ¢ with coefficients
in a finite field F. If p is the characteristic of I, then the
degree of F(t) over the field of constants F(t)° is p, and
the minimal polynomial of § becomes y = zP — vz, where
v = 0P(t)/6(t) (see [18] for details). For any ¢ € F(t), the
logarithmic derivative is defined as L(c) = ¢~1§(c). Choose
a cyclic vector « for the F(¢)°—linear map & and set

g=[z—L(a),z—L(6(a)),...,z—L(%%(a))]s € F(t)[z; ).

In [18], the differential convolutional RS codes are defined as
v(Ryg), where, this time,

R = F(t)[e; 6]/ (2 — ya).

Since 0% = L(a) and ¢y = §, we deduce from Corollary 25
that

U(Rg) = C(ﬁ,a,d) .

In other words, we obtain the differential convolutional RS
codes from [18] by setting o = idF(t) and v = 0, to which
we also may apply the decoding algorithm presented in this
paper. Again, it results simpler than that from [18].



Our last remark in this section deals with the relationship,
kindly pointed out by one of the referees, between the codes to
which our decoding algorithm applies to, and those introduced
in [26].

Remark 30. Reed-Solomon skew-differential codes are also
related to the class of linearized Reed-Solomon codes defined
in [26, Definition 31] whenever the base ring is a field. Con-
cretely, the dual of a Reed-Solomon skew-differential code is,
as a vector subspace of K™, a linearized Reed-Solomon code.
Observe that the operator ¢,, is exactly the operator described
in [26, Definition 20], so that, the matrix H described in
Definition 2 is the transpose of the generator matrix given
in [26, Definition 31] by setting ¢ = 1, ny = m, o) = u
and Bi(l) = pi~}(a) for i = 1,...,m. Observe also that the
condition of {[351), ce 57(,%)} being linearly independent over
the centralizer [22] is equivalent to the matrix A in Proposition
1 being invertible.

A decoding algorithm for linearized Reed-Solomon codes
is described in [3]. It works for the skew metric as defined in
[26], which is in general different from the Hamming metric.
Another decoding algorithm for these codes, for a sum-rank
metric, is presented in [8] in the case § = 0. Linearized Goppa
codes are then introduced and interpreted as duals, with respect
to a suitable bilinear form, to linearized RS codes. One should
not expect that some of them become RS skew-differential
codes in our sense, as the duality stated in this context is not
the usual.

Fast decoding algorithms for linearized RS codes with
coefficients in a finite field appeared recently in [27] and [2].

APPENDIX
A. Computation of the cyclic vector.

Let us briefly discuss why a randomized calculus, as
proposed in Remark 9, of the cyclic vector a for the
K¥%u—linear map ¢, : K — K is a reasonable method.
First, recall that @« € K is such a cyclic vector whenever
{a, pu(a),...,om ()} is a K¥«-basis of K. Equivalently,
« is a generator of K as a module over the commutative poly-
nomial ring K¥+[X], where the action of the indeterminate X
on K is given by Xb = ¢, (b) for all b € K.

We know that K is already a cyclic K¥*[X]|-module by
Proposition 11 and, what is more, K = K%¥«[X]|/(u) as
modules over K¥=[X], where p is the minimal polynomial of
py as a K¥«—linear map. Henceforth, cyclic vectors for ¢,
are in bijective correspondence with polynomials in K% [X]
of degree up to m — 1 which are coprime with u. We see,
thus, that, if K is not finite, then almost every element in K
becomes a cyclic vector for a fixed ,.

For finite fields, there is an explicit formula expressing the
number of polynomials with degree smaller than that of a given
polynomial and coprime with it [23, Lemma 3.69]. Setting
in our case K¥+ = Fy, when K is finite, and nq,...,n,
the degrees of the distinct irreducible factors appearing in the
canonical factorization of the minimal polynomial 1 € F,[X],
we obtain that the probability for a given a € K to be a cyclic
vector is

=g ™) (1=qg ).

Of course, there also exists the possibility of computing a
cyclic vector by means of the classical algorithm based upon
the calculus, by elementary row and column transformations,
of a diagonal matrix equivalent to the characteristic matrix of
., With respect to a given basis (see, e.g. [20, pp. 195-198]).
This deterministic method, in contrast with our preferred
randomized method, requires the computation of K%+ and of
a basis of K as a vector space over this subfield in order to
get the matrix with coefficients in K% representing ,,.

B. Complexity calculation.

We state here some guidelines about the time complexity
of Algorithm 1. In general, since we work over an arbitrary
field, we calculate it with respect to the number of operations
(additions, multiplications, applications of ¢ and §) on the base
field. Step 1 is simply obtained by the product yH, where
H is the parity-check matrix in Definition 2, so it belongs
to O(md). Step 2 requires to compute the matrix S, in the
worst case, which can be done in (’)(72), and the calculation
of the rank of S, for 1 < r < 7. The traditional approach
to compute the rank is by Gaussian elimination, which can be
done in O(7%), where w is the matrix multiplication exponent.
Since matrices are relatively small, we may consider the
classical algorithm and set w = 3. So that Step 2 can be
performed in O(73). Step 3 can be done by the execution of
an algorithm that outputs the row reduced echelon form, whose
execution time is in O(73) by using the standard algorithm.
Matrix L in Step 4 can be computed in O(m(m — 7))
operations. Assuming that A is pre-calculated, the product LA
is in O(m?(m — 7)) with the standard matrix multiplication
algorithm. An efficient way of dealing with Step 5 consists
of computing the row reduced echelon form LA, of LA,
and check which unitary vectors are not rows of LAy,
so the runtime is in O(m?(m — 7)). Finally, in Step 6 we
need to solve a linear system whose coefficient matrix has
order 7, so this step can be done in O(73) operations. The
complexity is then dominated by the matrix product and the
row reduced echelon form computations, and Algorithm 1 can
be executed in O(m? + 73) operations on the base field. That
is to say, since 7 is Lm’T’““J, where k is the dimension of the
code, Algorithm 1 is in O(m?). Obviously, this bound can be
improved if we use faster algorithms for matrix multiplication
and row reduced echelon form computation. Nevertheless, a
detailed study of this issue is out the scope of the paper.
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