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Abstract

Skew polynomials are a class of non-commutative polynomials that have several applications
in computer science, coding theory and cryptography. In particular, skew polynomials can
be used to construct and decode evaluation codes in several metrics, like e.g. the Hamming,
rank, sum-rank and skew metric. We propose a fast divide-and-conquer variant of Kotter—
Nielsen—Hgholdt (KNH) interpolation algorithm: it inputs a list of linear functionals on skew
polynomial vectors, and outputs a reduced Grobner basis of their kernel intersection. We
show, that the proposed KNH interpolation can be used to solve the interpolation step of
interpolation-based decoding of interleaved Gabidulin codes in the rank-metric, linearized
Reed-Solomon codes in the sum-rank metric and skew Reed—Solomon codes in the skew
metric requiring at most O (s“M(n)) operations in Fym, where n is the length of the code,
s the interleaving order, :1(n) the complexity for multiplying two skew polynomials of
degree at most n, w the matrix multiplication exponent and 9] (+) the soft-O notation which
neglects log factors. This matches the previous best speeds for these tasks, which were
obtained by top—down minimal approximant bases techniques, and complements the theory of
efficient interpolation over free skew polynomial modules by the bottom-up KNH approach.
In contrast to the top—down approach the bottom-up KNH algorithm has no requirements on
the interpolation points and thus does not require any pre-processing.
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1 Introduction

Skew polynomials are a class of non-commutative polynomials, that were introduced by
Ore in 1933 [53] and that have a variety of applications in computer science, coding theory
and cryptography. The non-commutativity stems from the multiplication rule, which involves
both, a field automorphism o and a field derivation §. Unlike ordinary polynomials, there exist
several ways to evaluate skew polynomials. General results regarding the so-called remainder
evaluation of skew polynomials were derived in [27, 29] whereas the generalized operator
evaluation was considered in [31]. Depending on the choice of the automorphism o and
the derivation 8, skew polynomial rings (denoted by Fy» [x; o, 8]) include several interesting
special cases, such as the ordinary polynomial ring as well as the linearized polynomial ring
[52, 53]. This property along with the different ways to evaluate skew polynomials make
them a very versatile tool with many different applications.

One important application of skew polynomials is the construction of evaluation codes,
that have distance properties in several decoding metrics, including the Hamming, rank,
sum-rank, skew and other related metrics such as the (sum-)subspace metric [14, 15, 39, 43].

Many evaluation codes allow for decoding via efficient interpolation-based decoding
algorithms, like e.g. the Welch—-Berlekamp [64] and Sudan [61] algorithms for decoding
Reed—Solomon codes. In [26] Kotter presented a bivariate interpolation algorithm for Sudan-
like decoding of Reed—Solomon codes [26] (over ordinary polynomial rings) that since then
is often referred to as the Kotter interpolation. The Kotter interpolation as it is known today
was first stated by Nielsen and Hgholdt [50] as a generalization of Kotter’s algorithm [26]
which is able to handle multiplicities. To acknowledge the contribution by Nielsen and
Hgholdt we refer to the algorithm as Kotter—Nielsen—Hgholdt (KNH) interpolation. A fast
divide-and-conquer variant of the KNH interpolation for the Guruswami—Sudan algorithm
for decoding Reed—Solomon codes was presented in [49]. Rosenkilde’s algorithm [49] is a
bottom-up KNH-like algorithm whose complexity is only slightly larger compared to the
currently fastest approach [24, Sect. 2.5].

A multivariate generalization of the KNH interpolation for free modules over ordinary
polynomial rings was proposed in [63]. This approach was generalized to free modules over
linearized polynomial rings in [65]. A generalization of the multivariate KNH interpolation
to free modules over skew polynomial rings was proposed in [33], which contains the variants
over ordinary polynomial rings [63] and linearized polynomial rings [65] as a special case.

The evaluation and interpolation of multivariate skew polynomials was also considered
in [42]; here with the main motivation to construct Reed-Muller-like codes (see also [4, 21,
41]).

1.1 Main contribution
In this paper, we propose a fast divide-and-conquer (D&C) variant of the KNH interpolation

in skew polynomial rings [33], that uses ideas from [49]. The main idea of the proposed algo-
rithm (Algorithm 3) is, that the interpolation problem is divided into smaller sub-problems,
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that can be solved and merged efficiently. In particular, the update operations in each loop of
the KNH interpolation are “recorded” and then applied to a degree-reduced basis in the merge
step rather than to a non-reduced basis. This allows to control the degree of the polynomials
during the interpolation procedure which in turn results in a lower computational complexity.

We state the interpolation problem and the algorithm in a general way using linear func-
tionals over skew polynomials rings with arbitrary automorphisms and derivations. We show
how the fast KNH interpolation can be applied to interpolation-based decoding of (inter-
leaved) Gabidulin codes [35, 54], interleaved linearized Reed—Solomon codes [5, 6, 15, 39]
and (interleaved) skew Reed—Solomon codes [5, 6, 14].

We consider skew polynomials over finite fields only. However, the results (except for the
complexity statements) also hold for skew polynomials over arbitrary finite Galois extensions
LL/K instead of [Fym /F; and automorphisms o € Gal(IL/K) with K = IL? and derivations
8 : K — Ksatisfying (2) forall a, b € K.

For the above mentioned applications using generalized operator and remainder evalu-
ation maps over skew polynomial rings with arbitrary field automorphisms we discuss the
asymptotic complexity for zero derivations (6 = 0). The asymptotic complexity for solving
the interpolation step with the proposed approach is O (s*M(n)) operations in Fyn, where
n is the length of the code, s a decoding parameter (e.g. interpolation order, usually s < n),
M(n) € 0 (n] 635 ) the complexity for multiplying two skew polynomials of degree at most
n, o the matrix multiplication exponent (currently v < 2.37286) and 0 (-) denotes the soft-O
notation which neglects log factors.

The original skew KNH interpolation from [33] has an asymptotic complexity of O (s%n?)
operations in Fym , which is larger compared to the proposed approach for most practical cases
where we usually have s < n.

The interpolation step of the above mentioned coding applications can also be solved
using the skew minimal approximant bases methods from [11] requiring at most 9] (s®IM(n))
operations in [F;» . This approach can be seen as a top—-down approach: first construct a module
that contains all solutions to the interpolation problem, and then find the minimal solution in
that module. The KNH family of algorithms are bottom-up: Gradually build up a minimal
basis solving the interpolation constraints one by one. Developing both approaches in tandem
has been very fruitful for the analogous family of algorithms for ordinary polynomial rings.

Due to the top—down nature, the minimal approximant bases method [11, Algorithm 6]
requires an additional step if the first entries of the interpolation points (related to the gener-
alized operator evaluation maps) are not linearly independent (see [11, Theorem 22]), which
is not required in the proposed KNH-like algorithm.

A comparison between the proposed fast KNH interpolation algorithm and existing inter-
polation methods for ordinary and skew polynomial rings, including the computational
complexity for the zero-derivation case (§ = 0), is given in Table 1. Note that for ordi-
nary polynomial rings we have that 9(n) € 9] (n). Additionally, in the ordinary polynomial
ring case we have the notion of multiplicities of roots; a concept which is not yet generalized
to the skew polynomial setting and therefore omitted.

Although the proposed interpolation algorithm achieves the best known complexity
over skew polynomial rings, Table 1 shows that the best computational complexity of
0 (s“”lim(n)) for ordinary polynomial rings [24] is not yet reached for the skew poly-
nomial case. Closing this gap is a potential topic for future work.

@ Springer



438 H.Bartzetal.

Table1 Overview of the computational complexity of the proposed fast KNH interpolation approach compared
to existing methods for the case of zero derivations (§ = 0)

Interpolation method Type Polynomial ring Complexity (§ = 0)
Ordinary KNH [63] bottom-up Fm[x: 1d, 0] 0 <52n2)
D&C KNH [49] bottom-up Fym[x:1d, 0] O (s M(n))
Min. approximant top—down Fym[x;1d, 0] 0 (s‘”DJ?(n))
bases method [22]
Min. interpolation top—down Fym[x;1d, 0] 0 (s‘”*]im(n)>
bases [24]
Skew Linearized KNH [65] bottom-up qu [x; 0Frob, 0] o (xznz)
Skew KNH [33] bottom-up Fynlx; o, 8] 0 (‘v2n2>
D&C skew KNH bottom-up qu [x; 0, 8] 19) (swim(n))
(this contribution)
Skew min. top—down Fymlx; o, 8] 19) (s“’im(n))

approximant bases
method [11]

Here n is the number of interpolation points, s an interpolation parameter (usually s < n), M(n) € 9] (n] '635)

the complexity for multiplying two skew polynomials of degree at most n and  the matrix multiplication
exponent (currently @ < 2.37286). For ordinary polynomial rings we have that M(n) € O (n)

1.2 Outline of the paper

Section 2 gives definitions and notations related to skew polynomials as well as a definition
of the skew KNH interpolation algorithm from [33]. Section 3 presents a fast general D&C
framework for the skew KNH interpolation. Section4 considers the application of the fast
skew KNH interpolation for decoding (interleaved) Gabidulin, linearized Reed—Solomon
and Skew Reed—Solomon codes. The complexity analysis shows that we obtain the currently
fastest known decoders for the considered codes. Section5 concludes the paper.

2 Preliminaries
2.1 Sets, vectors and matrices over finite fields

Let F; be a finite field and denote by IF,» the extension field of degree m. Sets are denoted
by A = {ag, a1, ..., a,—1}. The cardinality of a set A is denoted by |.A|.

Vectors and matrices over F,n are denoted by bold lower-case and upper-case letters such
as a and A, respectively, and the elements are indexed beginning from zero. The r x ¢ zero
matrix is denoted by 0, . and the r x r identity matrix is denoted by I,. The i-th row of a
matrix A is denoted by a;. Let IF;V,,Z denote the set of all row vectors of length N over F,» and

let BN denote the set of all M x N matrices over Fyn. The rank of a matrix A € FM>*V is
denoted by rk, (A). Under a fixed basis of F,n over I, there is a bijection between IFZM and

IB‘Z’X”. This allows us to define the I, -rank of a vector a € FY, as rk, (a):=1k(A) where A
is the corresponding matrix of a over IF,. Note that the IF,-rank rk, (a) is independent of the
choice of the basis of IF;» over F, and can be equivalently seen as the maximum number of
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IF,-linearly independent entries of a. The Hamming weight of a vector a € IFZ,, is defined as
wtg(@) = [{i € {l,..., N} :a; #0}]. (N

Leto : Fym +— Fym be a field automorphism of Fym and let § : Fym +— Fym be a
o -derivation such that

8(a+b) =68(a)+8(b) and S§(ab) = 8(a)b + o (a)s(b). )
Over a finite field, all o -derivations are of the form (see e.g. [33, Proposition 1])
8(a) =b(o(a)—a) forbeFym. 3)

From (3) we see that we get the zero derivation (§ = 0) if the automorphism is the identity
(o =Id).
For any two elements a € Fym and ¢ € IE‘;m = Fym \ {0} define

a‘:=c(c)ac™ + 8(c)c”! “4)

where term (S(c)c_1 is called the logarithmic derivative of c. Two elements a, b € Fym are
called (o, §)-conjugates, if there exists an element ¢ € IE‘Zm such that b = a°. Otherwise, a
and b are called (o, §)-distinct. The notion of (o, §)-conjugacy defines an equivalence relation
on F,m and thus a partition of Fy» into conjugacy classes (see [29]).

Definition 1 (Conjugacy Class [29]) The set
Cla):= {ac ‘ce ]FZm] 5)

is called conjugacy class of a.

2.2 Skew polynomials

Skew polynomials are non-commutative polynomials that were introduced by Ore [53]. The
set of all polynomials of the form

f) =) fix' with fi € Fyn (6)

together with the ordinary polynomial addition and the multiplication rule
xa = o(a)x + 8(a) @)

forms the non-commutative ring of skew polynomials that is denoted by Fym [x; o, §]. The
degree of a skew polynomial f € Fyn[x; o, 8] is defined as deg(f):=max;{i : f; # 0} for
f # 0and —oo else. Further, by Fyn [x; o, §] <, we denote the set of skew polynomials from
Fym[x; o, 8] of degree less than n.

For § being an inner derivation (3), which is always the case for finite fields, there is a
ring isomorphism between Fym [x; o, §] and Fym [x; o] that is given by the mapping (see [39,
Proposition 40] and [32, Proposition 2.1.8])

Fymlx;0,8] — Fyn[x; o]

Yo fix = Y fite +b)
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440 H.Bartz et al.

The monic least common left multiple (LCLM) of some polynomials pg, pi, ..., pu—1 €
Fym[x; o, 8] is denoted by

lelm (pi)o<i<p—1 :=lclm (po, pi, ..., pn—1) . (8)

The skew polynomial ring Fym[x; o, 8] is a left and right Euclidean domain, i.e., for
any f € Fym[x;0,8] and any nonzero g € Fym[x; o, 8] there exist unique polynomials
qL.7L,qRr, TR € Fym[x; o, 8] such that

f ) =qr(x)g(x) +rr(x) = gx)qr(x) + rr(x) ©))

where deg(rr), deg(rr) < deg(g) (see [53]). Efficient Euclidean-like algorithms for per-
forming left/right skew polynomial division exist [16, 17, 55]. For two skew polynomials
f.g € Fym[x; 0, 8], denote by f mod; g the remainder of the right division of f by g.

Example 1 Applying the multiplication rule in (7) to x%a we get

xza

x(o(a)x + 6(a)) = xo(a)x + x6(a)
= (o2 (@)x + 8(o(@))x + o (8(a))x + 8% (a)
= o (a)x* + (8(0 (@) + o (8(a)x + 8% (a).

There are several interesting cases where skew polynomial rings coincide with other
polynomial rings:

— For o being the identity we have that § is the zero derivation (see (3)) which implies that
Fym[x; o, 8] is equivalent to the ordinary polynomial ring Fym [x].

— For 6 being the zero derivation we get the rwisted polynomial ring Fym [x; o ].

— For ofop being the Frobenius automorphism of Fym (i.e. ofrob(-) = -9) and § being the
zero derivation we have that Fym [x; oFob] is isomorphic to the linearized polynomial
ring Lgm[x] [52, 53].

There exist two variants of skew polynomial evaluation: the (generalized) operator eval-
uation and the remainder evaluation.

2.2.1 Generalized operator evaluation

The generalized operator evaluation defined in [31] allows to IF,-linearize the skew polyno-
mial evaluation and therefore establishes the link between the skew polynomial ring and the
linearized polynomial ring [52, 53].

Given an Fyn automorphism o, a o-derivation § and an element a € F,m, the (o, §)
operator Dg"s(b) :Fym > Fym is defined as

DI (b):=0 (b)a + 8(b), Vb & Fyn. (10)

‘We use the nptation D, (b) w_henever o and § are clear from the context. For an integer i > 0,
we define DIt (b) = D, (Dl (b)) and DY (b) = b.

Definition 2 (Generalized Operator Evaluation [39]) For askew polynomial f € Fyn[x; o, §]
the generalized operator evaluation f(b), of f at an element b € Fym w.r.t. the evaluation
parameter a € Fym is defined as

f®)a=)_ [iDb). (1)
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The definition of the generalized operator evaluation includes the operator evaluation f(b);
as a special case (a = 1).

The generalized operator evaluation is an [ -linear map, i.e. for any f € Fyn[x; o, 8],
A, A2 € Fy and a, by, by € Fym we have that (see [39, Lemma 23] and [30])

Jiby + A2b2)a = A1 f(b1)a + A2 f (D2)a- (12)

For a vector b = (bo, b1, ...,b,—1) € ", we define the generalized multipoint operator
evaluation of a skew polynomial f € Fym|[x; 0, 8] w.rt.ana € Fym as

f)a:=(f(bo)a, f(b1)as - - f(bp—1)a) - 13)

For atuple B = (bg, b1, ...,by—1) € IFZ,,, and a vectora = (ag, ay,...,dy—1) € ]FZ"’ the
minimal skew polynomial that vanishes on all elements in 3 w.r.t. the evaluation parameters
in a is defined as (see e.g. [15])

(14)

bi)a; + 8(b;
M (x)a = Iclm (x _ w> .
0<i<n—1

bi b #0
The degree of M;p (x)a satisfies
deg(My (x)a) < n (15)

where equality holds if the sequence of elements b; that have the same evaluation parameter
a; are [F,-linearly independent and the distinct evaluation parameters ¢; are from different
conjugacy classes (see [15]).

Example 2 Consider the tuple B = (by, b1, b2, b3) € IF;,,, and a vectora = (ag, ai, az, az) €

Iﬁ‘gm, where ap = a; and ap = a3 are representatives from different conjugacy classes. Then

we have deg(M%p (x)a) = n if and only if by and by are F,-linearly independent and b, and
b3 are IF,-linearly independent.

Similar to ordinary polynomials, we get the following result for the generalized operator
evaluation of a polynomial modulo a particular minimal polynomial.

Lemmal For any f € Fyml[x;0,8], B = (bo,b1,....by—1) € IB‘Z,,, and a =
(ag,ai,...,ay_1) € Fgm we have that
f(bi)a; = (f(x) mody MY (x)a)(bi)g;. Vi=0,....n—1. (16)

Proof Since Fym[x; o, 8] is aleft/right Euclidean domain, there exist two unique polynomials
q.r € Fgnlx; 0, 8] with deg(r(x)) < deg(M (x)a) such that

fO) =qMZ@a+rx) <= r@) = f(x) mods My (X)a. a7

Since M%p()c)a vanishes on all b; w.r.t. q; foralli =0, ...,n — 1 we have that
fbi)g =7bi)g,, Yi=0,....,n—1, (18)
and the result follows. O
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2.2.2 Remainder evaluation

Another variant of skew polynomial evaluation is the remainder evaluation defined in [27,
29], which generalizes the concept of polynomial evaluation by means of (right) division.

Definition 3 (Remainder Evaluation [27, 29]) For a skew polynomial f € Fyn[x; o, §] the
remainder evaluation f[b] of f at an element b € F m is defined as the unique remainder of
the right division of f(x) by (x — b) such that

F&x)=gx)x—=b)+ fIb] <= fIb]l= f(x) mod; (x — b). (19)
Foravectorb = (bg, by, ...,b,—1) € IFZ,,, we define the multipoint remainder evaluation

of a skew polynomial f € [Fm[x; o, 8] as
fbl:=(flbol. fIb1]..... flbu-1]). (20)

In the following we recall important properties of the concept of P-independence (or
polynomial independence) from [27, 28, 39]. Given a set ' C Fym[x; o, §] we define its zero
set Z(F) C Fygm as

Z(F)={a €Fym: fla]=0,Yf € F}. (21)
Foraset B = {by, by, ...,b,_1} C Fyn we define its associated ideal as (see [39])
I(B) ={f € Fym[x;0,8]: f[b] =0,Vb € B}. (22)
For a set B = {bg, by, ...,b,—1} C Fym the unique minimal skew polynomial that
vanishes on all elements in B w.r.t. the remainder evaluation is defined as (see e.g. [14])
ME™(x) =lclm (x — bj)o<i<p_1 - (23)

Since M5™ (x) has the minimal degree among all polynomials in Fyn [x; o, §] that vanish on
B it generates the left Fym|[x; o, §]-ideal I(B). The degree of Mz™ (x) satisfies

deg(ME™(x)) <n (24)
where the elements by, by, . .., b,_ are called P-independent (or polynomially independent)

if and only if deg(Mg™ (x)) = n.
The closure of a set B C Fym is defined as the zero set of its minimal polynomial, i.e. as

B:=Z(1(B)) = Z(Mg"™ (x)) (25)

where B is called P-closed if and only if B = B. For a P-closed set B it can be shown that
any root of Mz™(x) is an (o, §)-conjugate of an element in B (see [28]).

Similar to the result w.r.t. to the generalized operator evaluation in Lemma 1, we obtain
the following result w.r.t. the remainder evaluation.

Lemma2 Forany p € Fyn[x;0,8] and B = {bg, by, ..., b,—1} € Fym we have that
plbil = (p(x) mod; ME™(x))[b;i], Vi=0,...,n—1. (26)

Proof Since F m[x; o, §]is aleft/right Euclidean domain, there exist two unique polynomials
q.r € Fyn[x; o, 8] with deg(r(x)) < deg(Mg™(x)) such that

px) =q)Mg"(x) +r(x) < r(x) = p(x) mod; Mz"(x). 27
Since M™(x) vanishes on all b; € B we have that p[b;] = r[b;] foralli =0,...,n —1
and the result follows. O
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The following result from [31] (see also [39]) shows the relation between the generalized
operator and the remainder evaluation.

Lemma 3 (Connection between Evaluation Types [31, 39]) For any a € Fym, b € FZ’" and
f € Fymlx; o] we have that

f[Pa®)b™ b = f(b)a. (28)

2.2.3 Skew polynomial vectors and matrices

To be consistent with the conventional notation in coding theory we denote both, vectors and
matrices, by bold letters. The dimensions are clear from the context.

For two vectors a, b € IF;m[x; 0, §]" we denote the element-wise right modulo operation
by

a mod; b:= (ap mod; by, a; mod; by, ...,a,_1 mod; b,_1). (29)
For two vectors a, b € Fyn[x; o, §]" we define the element-wise LCLM as
Ielm (a, b) := (Iclm (ag, bo) , Iclm (a1, by) , ..., Ielm (@y—1, by—1)) . (30)

For a vector a = (ap,ay,...,a,—1) € Fym[x;0,8]" and a vector w = (wo, wy, ...,
wy,—1) € Z’j_ we define its w-weighted degree as

deg,, (a):= onax. {deg(a)) +wj}. €19}

Further, we define the w-weighted monomial ordering <y on Fyn[x; o, §]" such that we
have

ngeej <w b[’xe/ej” (32)

for by, by € Fym \ {0} if £ + wj < &' +wj orif £ +w; = +wj and j < j', where
e; denotes the j-th unit vector over Fym[x; o, §]. The definition of <y coincides with the
w-weighted term-over-position (TOP) ordering as defined in [1].

For a vector a € Fym[x; 0, 6]" \ {0} and weighting vector w = (wo, ..., w,—1) € Z1,
we define the w-pivot index Indy (a) of a to be the largest index j with0 < j <n — 1 such
that deg(a;) + w; = degy(a).

For a nonzero vector € Fyn|[x; 0, 8]" we identify the leading term LT(a) of a as the
maximum term a; jxj under <. Note that in this case j coincides with the w-pivot index
of a.

A matrix A € Fyn[x; o, 819%P with @ < b is in (row) w-ordered weak Popov form if the
w-pivot indices of its rows are strictly increasing in the row index [46].

A free Fym[x; 0, §]-module is a module that has a basis that consists of F m[x; o, §]-
linearly independent elements. The rank of this module equals the cardinality of that basis.

In the following we consider particular bases for (left) Fym [x; o, 6]-modules.

Definition 4 (w-ordered weak-Popov Basis [11]) Consider a left Fym[x; o, §]-submodule M
of Fym[x; 0,6 1°. For w € Z4, a left w-ordered weak-Popov basis for M is a full-rank matrix
A € Fynlx; 0,817 s.t.

1. A is in w-ordered weak Popov form.
2. The rows of A are a basis of M.
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We will now establish a connection between w-ordered weak-Popov Bases and Grobner
bases w.r.t. <y for left F,m[x; o, §]-submodules. This connection is well-known for ordinary
commutative polynomial rings (see e.g. [2, 19, 25, 47, 48]). For skew polynomial rings this
relation was derived in [45, Chapter 6] and also used in [11].

For a short introduction to Grobner bases the reader is referred to [60]. An extensive study
of Grobner bases can be found in [18].

Definition 5 (Grobner Basis [18]) Let M be a left Fym[x; o, §]-submodule. A subset B =
{bo,by,...,b,_1} C M is called a Grobner basis for M under < if the leading terms of
B span a left module that contains all leading terms in M, i.e. if (LT(by), ..., LT(b,—1)) =
(LT(M)).

A Grobner basis for a Fgm [x; 0, §]-submodule M is not necessarily a minimal generating
set for M since any subset of M that contains a Grobner basis is also a Grobner basis (see
[18, 60]). The following definition imposes a minimality requirement on the cardinality of
Grobner bases for an [Fm [x; o, §]-submodule under <.

Definition 6 (Minimal Grobner Basis [18]) Given a monomial ordering <y, a Grobner basis
B for a left Fym[x; o, §]-submodule M is called minimal if for all p € B the leading term
LT(p) is not contained in the module (LT(B \ {p})), i.e. if LT(p) ¢ (LT(B\ {p}))-

A minimal Grobner basis B w.r.t. to <y is called reduced Grobner basis if all leading
terms are normalized and no monomial of p € Bis in (LT(B \ {p})).

Although [45, Theorem 6.29] establishes the connection between the stronger w-ordered
Popov form and the corresponding reduced Grobner basis w.r.t. <y, the arguments also hold
for the relation between the w-ordered weak-Popov form and the minimal Grobner basis
WLt <.

Note that given a module monomial order < and a basis B C Fyn [x; o, §]" of a submodule
M there exist an efficient method to determine a weighting vector w and a column permutation
P such that the weak Popov form under <y, of P (M) equals the P-permuted minimal Grobner
basis of M under < (see [47, Chapter 1.3.4]).

2.2.4 Cost model for skew polynomial operations

For deriving the computational complexity we consider only skew polynomials with zero
derivations since in this case explicit results are available in literature. Note, that the isomor-
phism between Fym [x; o, §] and F m[x; o] (see Sect.2.2 and [32, 39]) can be used to obtain
complexity bounds for the nonzero derivation case.

We use the big-O notation O (+) to state asymptotic costs of algorithms. Further, we use
shorthand O () for f(n) € O (g(n)) < 3k : f(n) € O (g(n) log" g(n)) which is equivalent
to the O (-) notation, ignoring logarithmic factors in the input parameter. We denote by
the matrix multiplication exponent, i.e. the infimum of values wg € [2; 3] such that there
is an algorithm for multiplying n x n matrices over Fym in O (n?) operations in Fym. The
currently best known cost bound in operations in [Fym is w < 2.37286 (see [3]).

By M(n) we denote the cost of multiplying two skew polynomials from F,m[x; o] of
degree n. The currently best known cost bound for 9)t(n) in operations in Fym is (see [55])

Mn) € 0 (nmin[“TH,14635}> .
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and (see [16, 17])
M) € 9] (min{n‘”_zmz, nm“’_l})

in operations ig F,. Hence, the following skew polynomial operations in Fyn [x; o'] can be
performed in O (9M(n)):

Left/right division of two skew polynomials of degree at most n

Generalized operator / remainder evaluation of a skew polynomial of degree at most n at
n elements from Fm

Computation of the minimal polynomials Mz™(x) and Ml%p(x)a for |B] < n w.r.t. the
remainder and generalized operator evaluation, respectively

Computation of the LCLM (see [17, Theorem 3.2.7])

2.3 Skew Kotter-Nielsen—-Hgholdt interpolation

We now consider the skew KNH interpolation from [33], which is the skew polynomial
analogue of the KNH interpolation over ordinary polynomial rings in [63]. Note that due to
the isomorphism between Fym [x; o, 6] and the ring of linearized polynomials for o being
the Frobenius automorphism and § = 0 (zero derivations), the KNH variant over linearized
polynomial rings in [65] can be seen as a special case of [33].

As input to our problem, we consider the n IF,n-linear skew vector evaluation maps' &;:

& 1 Fynlx; 0, 81T — Fym

where n is the number of interpolation constraints and s is an interpolation parameter.

Later on, we will specify particular mappings &; w.r.t. the generalized operator and the
remainder evaluation (see Sect.4). For each skew vector evaluation map &; we define the
kernels

Ki:={Q € Fyn[x; o, S &) =0}, Vi=0,...,n—1. (33)

For 0 < i < n — 1 the intersection K;:=K¢ N K; N ... N K; contains all vectors from
Fymlx; o, 81°*! that are mapped to zero under &y, &7, ..., &, i.e.

Ki ={Q € Fyn[x; o, S+ &i(Q)=0,Vj=0,...,i}. (34)

Under the assumption that the IC; are left Fym[x; o, §]-submodules foralli =0, ..., n—1

(see [33]) we can state the general skew polynomial vector interpolation problem.

Problem 1 (General Vector Interpolation Problem) Given the integer s € Z, a set of Fym-
linear vector evaluation maps & = {&p, ..., &,—1} and a vector w € Zfl compute a w-
ordered weak-Popov Basis for the left Fyn [x; o, §]-module

Kot ={beFymlx;o, 8 : &®b)=0,¥i=0,...,n—1}. (35)

Problem 1 can be solved using a slightly modified variant of the multivariate skew KNH
interpolation from [33]. Since the solution of Problem 1 is a w-ordered weak Popov basis for
the interpolation module &, instead of a single minimal polynomial vector, we modified
the output of [33, Algorithm 1] such that it returns a whole basis for the interpolation module

! In 33, 63, 65] linear functionals are defined for each interpolation point. Here we give a different defi-
nition based on skew polynomial vectors which is equivalent to the definition based on linear functionals if

qu [x; 0, 6]”’1 is considered as a vector space over ]qu.
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KC,n—1. A similar approach was used in [8] to construct a basis for the interpolation module
over linearized polynomial rings.
The modified multivariate skew KNH interpolation is summarized in Algorithm 1.

Algorithm 1: Modified Skew KNH Interpolation

Input : Aset{&y, &1, ..., &,—1} of vector evaluation maps
A “weighting” vector w = (wg, wi, ..., Ws) € Z‘fl

Output: A w-ordered weak-Popov Basis B € F m [x; o, §]6+DxG+D for Kn1
1 Initialize: B = I; | € Fym[x; 0, 5 HDx(s+D)

2 fori < Oton —1do

3 for j < Oto s do
4 L Aj < &i(bj)
5 J < {j:4; #0}
6 if J # () then
7 J* <~ min ;¢ 7{argmin ;¢ 7 {degy (b;)}}
8 b* < b«
9 for j € J do
10 if j = j* then
Ei(xb*) \ k. : :
11 bj —\x—- =5 b* ; /* degree-increasing step */
J
12 else
A .
13 L bj <—bj — A_ij* b* ; /* cross-evaluation step */
14 return B

Note that min j¢ 7 {arg min ¢ 7 {deg,,(b;)}} in Line 7 returns the smallest index j € J to
break ties, i.e. the index j of the minimal vector b; w.r.t. <y for which A; # 0 (see (32)).

In each iteration of Algorithm 1 (and so [33, Algorithm 1]) there are three possible update
steps:

1. No update: The vector b; is not updated if b; is in the kernel K; already, i.e. if Aj =
&i(b;) = 0.

2. Cross-evaluation (or order-preserving [33]) update: For any b; that is not minimal w.r.t.
<w (i.e. j # j*) the cross-evaluation update (Line 13) is performed such that

&i(bj)

L &i(bj+) = 0.
&by

Aj s

& (by = =Lb*) = &by -
Note that the (w-weighted) degree of b; is not increased by this update.

3. Degree-increasing (or order-increasing [33]) update: For the minimal vector b j«:=b*

w.I.t. <y the degree-increasing update (Line 11) is performed such that

(L &GN L\ &b
asa((x vy )b)-&(xb) e G0 =0.

The (w-weighted) degree of b* is increased by one in this case.
The different update steps are illustrated in [33, Figure 1]. Define the sets
8;:=(Q € Fgnlx: 0,61 : ndw(Q) = j} U {0} (36)
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and
7}7]‘1=K,‘ N Sj (37)

foralli =0,...,n—1land j =0,...,s. Note that S; NSy = {0} forall 0 < j, j" <.
The following result from [33] is fundamental for proving the correctness of Algorithm 1.

Theorem 1 ([33, Theorem 5]) Assume that K; are left Fym[x; o, 8]-submodules for all i =
0,....n — 1. Then after each iteration i of Algorithm 1, the updated b is a minimum w.r..
<winTij=K;NSjforall j =0,...,s.

In other words, after the i-th iteration each b; has Indw(b) = j and the minimal w-
weighted degree among all vectors in 7; ;. Therefore, after the i-th iteration, the matrix B is
a w-ordered weak Popov basis for ;.

Lemma 4 (Correctness of Algorithm 1) Algorithm 1 is correct and provides a solution to the
general vector interpolation problem in Problem 1.

Proof The update steps of Algorithm 1 and [33, Algorithm 1] are equivalent and therefore
we have by [33, Theorem 5] that after the i-th iteration each b; € K:. We now will show
that after the i-th iteration of Algorithm 1 the matrix B is a w-ordered weak Popov basis for
K;. By Theorem 1 ([33, Theorem 5]) each b; has the minimal w-weighted degree among
all polynomials in 7; ;j, which implies that the w-pivot indices of by, ..., b, are increasing
and distinct. Now assume that there exists a vector p € K; that can not be represented by a
Fym[x; o, §]-linear combination of the form

s
p=) ajb;
j=0
for some a; € Fym[x; o, §]. Then we must have that p can be written as
N
p=r+)Y ajb; (38)
j=0

where deg,, (r) < min;{degy (b;)}. This contradicts that b; is a minimum w.r.t. <y in
7;,j since Indy (r) € {0, ..., s}.Eherefore we conclude that after the i-th iteration B is a
w-ordered weak Popov basis for C;. O

Proposition 1 (Computational Complexity of Algorithm 1) The complexity of Algorithm 1
is dominated by the complexity of:
— O(sn) evaluation maps &; applied to a vector from Fym|[x; o, 8]‘;",',],
— nmultiplications of a monic degree-1 skew polynomial with a vector fromFym|[x; o, 5];1
(degree-increasing step),
— O(sn) multiplications of an element from Fym with a vector from Fym|[x; o, 8]‘?{,1

evaluation step). -

(cross-

Proof In each of the n iterations we have:

— 5 + 2 evaluation maps &; applied to a vector from Fym [x; o, 8]?,;1 (Line 4),

— one product of a skew polynomial of degree 1 with a vector from Fym[x; o, § ]‘LJ;I (degree-
increasing step in Line 11), -

s multiplications of an element from Fyn with a vector from Fyn [x; o, B]S;,;] (cross-
evaluation step in Line 14),

— s + 1 inversions/divisions in Fm. O
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3 Fast Kotter-Nielsen-Hgholdt interpolation over skew polynomial
rings

In [49] a fast D&C variant of the Kotter interpolation for the Guruswami—Sudan decoder for
Reed-Solomon codes was presented. We now use ideas from [49] to speed up the skew KNH
interpolation from [33]. The main idea is to sub-divide Problem 1 into a tree of successively
smaller problems. Each leaf is identified with a linear functional, and the updates done here
are represented as skew polynomial matrices. The inner-nodes of the tree combine updates
using matrix multiplication. The entire cost of the algorithm hinges on the fact that at any
node of the tree, we need only know the intermediate basis up to its image on the linear
functionals of the subtree of that node.

In the following, we describe the general framework for the fast skew KNH interpolation
algorithm which we will then discuss in Sect.4 w.r.t. to particular operator and remainder
vector evaluation maps.

The operations performed on the basis B in the inner loop of the i-th iteration of Algo-
rithm 1 can be represented by the matrix

1 Ao

U= (x - 252) (39)

_ A4 1

such that after the i-th iteration we obtain the basis UB for /C;. Note that if A j = 0 no update
on the row b is performed since A; /A« = 0.

3.1 Divide-and-Conquer Skew Kotter interpolation

To describe the following algorithms we introduce some notations. My; j; € Fyn[x; o, SPH

denotes a polynomial vector that is dependent on the index set {i,i + 1,..., j — 1, j} with
Jj =i and M[; ;; = M;. The (ordered) set M is globally available for all algorithms and is
defined as
M = Mjo.n—13, Mo, [n/2) 1], M{jn/2)n—1]s - - - » Mo, M1, ..., My—1) € Fyn[x; o, 81!
(40)

for an integer n € Z. For an ordered set (or tuple) of evaluation maps & = (&, ..., &n—1)
we use a similar notation to access an ordered subset of £ as follows

Eij1= (&, ..., 8)). 41)

Depending on the considered interpolation problem, we will later on define the polyno-
mial vectors My; ;) to contain minimal polynomials that depend on the interpolation points
corresponding to the vector evaluation maps in &j; j;. In the general interpolation problem
(Problem 1) we only consider sets of evaluation maps whereas here we consider ordered sets
since we need the notation within the D&C algorithm to build up the tree.
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In order to describe a general framework for the fast skew KNH interpolation, we need
the following assumption. In Sect.4 we show that this assumption holds for specific coding
applications.

Assumption 1 Let& = {&, ..., &,—1} be aset of linear functionals as defined in (33) and let
&ij1=1{&, ..., &)} € E. Weassume thatforall Q € Fyn[x; o, SPtland0<i < j<n—1

the skew polynomial vector M[; ;1 € M (which contains minimal skew polynomials that
depend on &; ;) satisfies

¢(Q) = £(Q mod; My jy), VI=i,....J. (42)

Algorithm 2: SkewlInterpolatePoint

Input : A skew vector evaluation map &; ,
B e Fym[x; 0, 8]6FDx(+D
d=(dy,dy,....ds) € Z‘fl s.t.dj = degy(b;) forall j =0,....s.

Output: T € qu [x; o, 8](“+])X(S+]) s.t. the rows of B:=TB is a w-ordered weak-Popov Basis for
B)NK;,
d = (dy,dy,...,ds) € Ziﬂ s.t. dj = degw(bj) forall j =0,...,s.
1d<d
2 for j < Otos do
3| Aj < &by
4 J < {j:d; #0}
T < Iy € Fymlx; o, §]6+Dx(s+D)
if J # ¢ then
J* < min;c 7{arg min;c 7{d;}}
T < U where U is as in (39)
L?j* <~ dAj* +1

e ® 9 w

—

o return (T, a)

Lemma5 (Correctness of Algorithm 2) SkewlInterpolatePoint in Algorithm 2 is correct.

Proof The columns of U except for the j*-th column correspond to the non-minimal rows of
B. The cross-evaluation step of the j-th non-minimal row of B in Line 13 of Algorithm 1 is
performed by the entries in the j-th row and j*-th column of U. The entry in the j*-th row and
the j*-th column of U corresponds to the degree-increasing step in Line 11 in Algorithm 1.
Hence, the algorithm outputs a matrix T such that all rows of TB are mapped to zero under
é;. O

Equipped with the routine SkewlnterpolatePoint in Algorithm 2 to solve the basic step
we can now derive a D&C variant of the skew KNH interpolation in Algorithm 1.

Lemma 6 (Correctness of Algorithm 3) Under Assumption 1, SkewlInterpolateTree in Algo-
rithm 3 is correct.

Proof The correctness of Algorithm 3 follows directly from the definition of the matrix U
in (39) and Assumption 1. O
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Algorithm 3: SkewlInterpolateTree
Input : Skew vector evaluation maps [;; ir] = (&7, - - -, 67y)
B e Fym[x; 0, 8]0 FDx 6D,
d=(dy,di,....ds) € Z5 " st.dj = degy (b)) forall j =0, ....s.

Output: A matrix T € Fym[x; o, §]6+DxG+D g B:=TB is a w-ordered weak-Popov Basis for
<B)ﬂ’C;] ﬂ~~~ﬂ’€l'2,
d=(dy.dy,....dy) € Zj_‘“ s.t. ﬁj = degw(f)j) forall j =0,...,s.
1 if i1 = ip then
2 L return SkewinterpolatePoint(&;, , B, d)

3 else

- |22

B] «~B modr M[ile]

(Ty,dy) < SkewlnterpolateTree(£;, -1, By, d)

By < T1B modr M1 5]

(To,dp) < SkewlnterpolateTree(E[Z+1,,‘2], B, dp)
return (T =T,T, d= dy)

® 9 & w

°

3.2 Precomputing minimal polynomial vectors

We now present a generic procedure to pre-compute the set M containing the minimal poly-
nomial vectors M{; ;j required in Algorithm 3 efficiently. We consider minimal polynomials
such as the generalized operator and the remainder evaluation which can be constructed by
means of the LCLM of polynomial sequences (see (14) and (23)) we use the ideas from
[17, Theorem 3.2.7] to obtain the efficient procedure described in Algorithm 4. The D&C
structure of the algorithm is illustrated in Fig. 1 for an example of k = 4. The initial mini-
mal polynomial vectors Mg, My, ..., M, _1 from which all other minimal polynomials are
computed via the LCLM, are computed depending on the application. In Sect.4 two cases
are given, for the general operator evaluation as in (55) and for the remainder evaluation as
in (86).

Algorithm 4: PreComputeMinVectorsTree
Input : Upper and lower index bound @ € Z and b € Z4 withb > a

Minimal polynomial vectors My, M1, ..., Mp € ]qu [x; o, (S]XJrl
Output: An (ordered) set
Mia,b], Mg, (b-1)/2)—11- M (0—1) /21,81 - - - » M[a,a] M{a+1,a+1], - - - - Mpp b)) C
qu [x; 0, 8]“"'1
1 if @ = b then

2 | return {M}

3 else

P

5 M <« PreComputeMinVectorsTree(a, a + & — 1)

6 My <« PreComputeMinVectorsTree(a + 8, b)

7 Nl/la,hj <« Iclm (M[u,a+8—1]’M[a+8,bJ) 3 /% with Mg ays—1) € M1 and Migqs.p) € Mo
*

®

return M U Mo U (M, 51}
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Mo 3 = lelm (Mg 1), M2 3))

Mg ) = lelm (Mg}, My 1]) M 3 = lelm (M5, M3 3))

My =My M ;) =M My =M, M35 =M3

Fig. 1 Tllustration of the computation tree of Algorithm 4 to precompute all minimal polynomial vectors in
the set M for k =4

Lemma 7 (Correctness of Algorithm 4) Algorithm 4 is correct.

Proof The correctness of Algorithm 4 follows directly from [17, Theorem 3.2.7]. The algo-
rithm proceeds in a recursive manner and splits the size of the set of considered minimal
polynomials in half. When sets consist only of one element, M|, 4} are computed, using the
generalized operator or remainder evaluation (see (14) and (23)). The sets of minimal poly-
nomials of larger size are then obtained by merging the smaller sets of minimal polynomials
using the relation M, ;) = Iclm (M[a,a+5_1], M[a+5,b]) with § = LbizHJ, also illustrated
in Fig. 1. O

4 Application to coding problems

In this section we apply the fast skew KNH interpolation described in Sect.3 to coding
problems in the rank, sum-rank and skew metric. For simplicity, we consider evaluation
codes constructed over Fym[x; o], i.e. skew polynomial rings with zero derivations, only.
The results can be generalized to the Fyn [x; o, §] case where the complexity analysis can be
performed using the ring isomorphism to Fym [x; o] (see Sect.2.2).

First we consider the application to interpolation-based decoding of interleaved Gabidulin
codes in the rank metric. As interleaved Gabidulin codes are a special case of interleaved
linearized Reed—Solomon (ILRS) codes, the decoder derived in Sect.4.1 is a special case
of the decoder for interleaved linearized Reed—Solomon (LRS) codes derived in Sect.4.2.
Nevertheless, we state the application for decoding interleaved Gabidulin codes in the rank
metric separately to make it more accessible to readers that are familiar only with the rank
metric.

In Sect. 4.3 we show how to apply the fast KNH interpolation algorithm to decoding inter-
leaved skew Reed—Solomon (ISRS) codes in the skew metric. In contrast to the decoding
approaches the rank and the sum-rank metric, the decoder performs the interpolation step
with respect to the remainder evaluation and thus does not require the isometry between the
sum-rank and the skew metric from [39].

4.1 Interpolation-based decoding of interleaved Gabidulin codes

Interleaved Gabidulin codes are rank-metric codes that are obtained by the Cartesian product
of ordinary Gabidulin codes [20] and which allow for decoding beyond half the minimum
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rank distance (see [35, 54]). In [35], a probabilistic unique decoder that is able to correct
errors beyond the unique decoding radius with high probability, was presented. A Berlekamp—
Massey-like decoding algorithm for interleaved Gabidulin codes was presented in [57, 59].

A Welch-Berlekamp-like interpolation-based decoding scheme, that can be either used
as a (not necessarily polynomial-time) list decoding algorithm or as a probabilistic unique
decoding algorithm was presented by Wachter-Zeh and Zeh in [62]. The algorithm consists of
an interpolation step and a root-finding step. The list size (and so the probability of obtaining
a unique solution) can be optimized by using a minimal Grdbner basis for the left module
containing the solutions of the interpolation problem rather than a single solution of the
interpolation problem for the root-finding step (see [8, 9]).

The interpolation step (including the computation of the minimal Grébner basis) can be
solved by the linearized or skew variants of the multivariate KNH interpolation [33, 65] in
O (s*n?) operations in Fyn, where s is the interleaving order and n is the length of the
code. The overall computational complexity of the algorithm in [62] is then in the order of
O (s*n?) operations in Fym.

Recently, efficient algorithms for solving the interpolation step and the root-finding step
that are based on the computation of minimal approximant bases over skew polynomial
rings were presented in [11]. The algorithms reduce the overall decoding complexity of the
Wachter-Zeh and Zeh decoder [62] to O (s*9(n)) € O (s“n'6%).

In this section we show how the fast skew KNH interpolation algorithm from Sect.3
can be used to accomplish the interpolation step in the Wachter-Zeh and Zeh decoder in
9] (s“M(n)) < 0 (s“’nl‘635) operations in Fym. The obtained improved computational
complexity coincides with the computational complexity of the minimal approximant bases
variant from [11]. The results can be also used to speed up the interpolation-based decoder
for interleaved subspace codes in [9].

4.1.1 Codes in the rank metric

The rank weight of a vector x € ]F;'m is defined as (see [20])
wtg (X):=r1ky (x) = rky (X) (43)

where X € F*" is the corresponding expanded matrix of x over IF;. Notice, that in general
we have that wtg(x) < wty(x) forany x € ¥ Z’” (see [38]). The rank distance between two
vectors X,y € IFZ,,, is then defined as the rank of their difference, i.e. as

dr(X,y):=wtgr(x —y). (44)

The rank weight of amatrix X € IFf]f," is defined as the Fy-rank of the matrix X, € Fy"*"
that is obtained by expanding each row of X with respect to a fixed basis of IFym over IF;. Note
that the IF,-rank wtg (X) can be equivalently seen as the maximum number of F-linearly
independent columns of X.

As a channel model we consider the rank error channel

R=C+E (45)

where the error matrix E is chosen uniformly at random from all matrices in IFfI,f," with
wtg(E) = 1.

Definition 7 (Interleaved Gabidulin Code [35, 54]) Let o be the Frobenius automorphism
o() =9 0of Fgm. Let B = (Bo, P1,-..,Bu-1) € FZ"’ contain F,-linearly independent
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elements from Fym. An s-interleaved Gabidulin code of length n < m and dimension £ is
defined as

OB,

PP

IGab[B, s n, k] = L fY e Fynlx; o]k, Vj € [1,5]1 ¢ . (46)

FOB1

Interleaved Gabidulin codes fulfill the Singleton-like bound in the rank metric with equality,
i.e. we have that dgr (IGab[B, s; n,k]) = n — k + 1, and thus are maximum rank distance
(MRD) codes.

Suppose we transmit a codeword

FOPB)
FPBn
= ] e IGab[B, s; n, k] (47)
FOPB)
and receive
R=C+E (48)

where wtr(E) = ¢.

Definition 8 (Generalized Operator Vector Evaluation Map) Given an interpolation point
set P = {(pi.o, Pits---»Pis) i =0,...,n—1} C IF;,T,I, a vector Q € Fym[x; o ¥t and
a vectora € IFZ,,, containing the generalized operator evaluation parameters, we define the
generalized vector evaluation maps as

s
P Qu=Y_Qj(pija Vi=0,...,n—1. (49)
=0
For interleaved Gabidulin codes, the interpolation point set is
P={Bi,rois--- rs—1,i):i=0,...,n—=1} C F;?ﬁl (50)
witha = (1,1,...,1) € IE‘Z,,, being a vector containing the corresponding generalized

operator evaluation parameters. Equipped with these definitions the interpolation problem
[62, Problem 1] for decoding interleaved Gabidulin codes can be stated as follows.

Problem 2 (Vector Interpolation Problem) Given the integer s € Z., a degree constraint
D € Z, a set of [Fym-linear vector evaluation maps £ = {éz’(;) P, (frff 1} as defined

in (49), the vectora = (1, 1,...,1) € Fgm andavectorw = (0,k—1,...,k—1) € Zfl
compute a vector b € Fym[x; o **! that satisfies:

- éj””(b)1=0,‘v’i=0,...,n—l,
— degy(b) < D.

A nonzero solution of Problem 2 exists if the degree constraint satisfies (see [62])

D:’Vw—" 51
s+1
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Proposition 2 Problem 2 can be solved by Algorithm 1 in O (sznz) operations in Fym.

Proof Problem 2 corresponds to finding a vector in the interpolation module
Kuo1 = (b eFynlx; ol : 67 (1) =0,¥i =0,...,n— 1} (52)

of minimal w-weighted degree. Hence, Problem 2 can be solved by computing a w-ordered
weak-Popov basis for the left Fym [x; o ]-module K,—1 and returning a row with w-weighted
degree less than D. The problem of finding a w-ordered weak-Popov basis for /C,,—; is an
instance of the general vector interpolation problem (Problem 1) which can be solved by
Algorithm 1 (see Lemma 4). By Proposition 1, Algorithm 1 requires O (sn) evaluation maps
éal.()p of a vector in Fym [x; (7]?,1l , which requires O (sn) operations in Fym each. Overall, the
computation of the evaluation maps requires O (sznz) operations in Fyn. The computation
of the n multiplications of a monic degree-1 skew polynomial with a vector from Fym [x; o]

(Line 11) requires O (sn®) operations in Fyn in total. The O (sn) multiplications of an
element from F,m and a vector from F m[x; (7]?;1 require at most O (sznz) operations in

IF4m . Therefore we conclude that Algorithm 1 can solve Problem 2 requiring at most O (sznz)
operations in [Fym. O

If the error weight t = wtg (E) satisfies

s
t —k+1 53
e (n—k+1) (53)

it can be shown that (see [62, Theorem 1])

s
P(x):=Qo(x) + »_ Q,;(x) fV(x) =0. (54)
j=1

The root-finding step consists of finding all polynomials f, ..., f® ¢ Fymlx; ol

that satisfy (54). This task can be accomplished by the minimal approximant basis methods
in [10, 11] requiring at most O (s*M(n)) operations in Fym.

4.1.2 Solving the interpolation step via the fast KNH interpolation

For an interpolation point set P = {po, p1, ..., Pn—1} < Ffﬁl define the vectors of minimal
polynomials with respect to the generalized operator evaluation for 0 < i, j < n — 1 and
i <jas

op N op op op
M[i,j](x)“i T (M{Pi,Ow-«q]’j,O}('x)a" ’ M{17i,1,<--.,17,'.1}(x)“i e M{m,s,---,m.s}(x)“i> - (59

Lemma8 Let £ = (&7, ..., éanofl) be an ordered set of skew vector evaluation maps as

defined in (49) and let €y = (&7, ..., &7) C . Then for any Q € Fynlx; o1+ we
have that
&7 (Qu = &7 (Qmods MY [/ (N)adgy VI=1i,..., ] (56)

wherea = (a;, ..., aj) contains the corresponding general operator evaluation parameters.

Proof The lemma follows directly by applying the result from Lemma 1 to the elementary
evaluations in the skew vector operator evaluation maps defined in (49). O
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An important consequence of Lemma 8 is, that the generalized operator vector evaluation
maps from Definition 8 and the minimal polynomial vectors in (55) fulfill Assumption 1.
Hence, we can solve Problem 2 by calling Algorithm 3 with £°7, basis Iy and initial degrees
O,k—1,....k—1).

4.1.3 Complexity analysis

‘We now perform a complexity analysis of Algorithm 4 for the generalized operator evaluation
maps defined in (49) (Fyn [x; o]-case).

Lemma 9 (Complexity of Computing Minimal Polynomial Vectors) Algorithm 4 constructs
the (ordered) set M C Fym|x; o 1’1 containing the minimal polynomial vectors defined
as

MUPZZ( [0,n—1] (x)a, M [0 ln/2)—1] (x)a, M Ln/ZJ,nfl]('x)a’ cees M n—1,n—1] (x)a) (57)
in 0 (s9(n)) operations in Fym

Proof Algorithm 4 is a generalization of the procedure in [17, Theorem 3.2.7] to construct a
single minimal polynomial, which requires 9] ) (9M(n)) operations in Fgm. Hence, the overall
complexity of Algorithm 4 is in the order of O (sM(n)) operations in F m. O

Theorem 2 (Computational Complex1ty) Algorithm 3 solves Problem 2 over Fym[x; ot!
in 0 (s®IM(n)) operations in Fym

Proof Let C(n) denote the complexity on n input points without the cost of the routine
SkewlInterpolatePoint (see Algorithm 2). We have that deg(T), deg(T2) < n/2 and thus
the product of T, T in Line 9 requires 9] (s?M(n / 2)) € 0 (s“9M(n)) operations in IE‘ m. By
the master theorem we have C(n) =2C(n/2) + 0 (s“n/2) implying that C(n) € 9] (s n).
The complexity of SkewlInterpolatePoint is dominated by s + 1 univariate skew polynomials
of degree less than 1, which requires O (sz) operations in [Fym.

The routine SkewlInterpolatePoint is called n times yielding O (szn) operations in total.
By Lemma 9 all minimal polynomial vectors required in Lines 5 and 7 of Algorithm 3 can be
pre-computed in 0 (s9t(n)) operations in IFm . One (right) modulo operatlon inFym[x; ost!
requires O (sM(n)) operations in Fym. Therefore Lines 5 and 7 require 0 ( 2im(n)) oper-
ations in [Fym each. O

Remark 1 (Practical Consideration) Note that in the Fym [x; o ]-case the i-th generalized oper-
ator vector evaluation map £i0p (xQ)g; of xQ can be computed efficiently from (5}017 (Q)q;
requiring only one application of the automorphism ¢ and one multiplication since by the
product rule [40] we have that

EPxQ)y; =0 (67 (Q)g;) ai, Yi=0,...,n—1. (58)
4.2 Interpolation-based decoding of interleaved linearized Reed-Solomon codes
Linearized Reed—Solomon (LRS) codes are codes that have distance properties with respect
to the sum-rank metric and were introduced in [39] and also considered in [15]. Recently,

codes in the sum-rank metric gained attraction since they generalize several code families
in the Hamming metric and the rank metric, such as Reed—Solomon codes and Gabidulin
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codes, and have potential applications in code-based quantum-resistant cryptosystems [56].
Further applications include the construction of space-time codes [36], locally repairable
codes with maximal recoverability [44] (also known as partial MDS codes) and error control
for multishot network coding [43]. Interpolation-based decoding of s-interleaved LRS codes,
which allows for correcting errors beyond the unique decoding radius (up to h%] n—k+1))
in the sum-rank metric, was recently considered in [6].

In the following we show, how Algorithm 3 can be used to solve the interpolation step in
the interpolation-based decoder for ILRS from [6] efficiently.

The sum-rank weight of a vector x = (x| x® | ... | x®) € 7., where x* e Fon
forall A =1,...,¢,is defined as (see [36, 51])

4
wizr(®):= Ytk (x¥). (59)
r=1

For any x € FZ’” we have that wtyr(x) < wty(x) (see [38, 39]). The sum-rank distance
between two vectors X, y € IFZ,,, is then

¢
dzr(x. y)i=wisr(x —y) = Y1k, (xP = y®). (60)
=
The sum-rank weight of a matrix X = (X | X® | ... | X®) ¢ IF‘;,T," is defined as
¢
wizr(X)i= Y rky (XP)), (61)
A=l
where X3 ¢ IF‘:;,"* forall A = 1,...,£. The sum-rank distance between two matrices

X, Y e IF;,T,” is then defined as

¢
dsr(X, Vi=wizg(X = Y) = Ytk (XO = y®). (62)
r=1

As channel model we consider the sum-rank channel
R=C+E (63)
where the error matrix
E=EDV[E? | |EY) (64)

is chosen uniformly at random from all matrices in F;fl” with sum-rank weight wtx g (e) = 7.

Definition 9 (Interleaved Linearized Reed—Solomon Code) Let o be the Frobenius automor-
phism of Fym defined as o (-) = 4. Let& = (&0, &1, ...,&-1) € ]Fﬁm be a vector containing

representatives from different conjugacy classes of Fyn. Let the vectors /30‘) = (ﬁé)\), cees
ﬂéi)_]) € IFZ,*" contain F,-linearly independent elements from Fym forall A = 1,...,¢

and define the vector 8 = (ﬂ(l) B2 ﬂ(z)> € FZ’”' An s-interleaved linearized Reed—
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Solomon (ILRS) code of length n = n{ + ny 4 - - - + n, and dimension k is defined as

f(l)(ﬁ(l))éo f(l)(ﬂ(z))&q
f(z)(ﬂ(l))éo f(z)(ﬂ([))éefl .f(j)qum[x;U]dc,

ILRS[B. ¢, s;n, k] = Vjell,s]

FOBDe]| - [ OB e

(65)

The code rate and the minimum sum-rank distance of ILRS codes is R = % and d =

n —k+ 1 (see [6]), respectively. ILRS codes fulfill the Singleton-like bound in the sum-rank

metric with equality and thus are maximum sum-rank distance (MSRD) codes [39].
Suppose we transmit a codeword

FOBDye | | OB,
f(2)(ﬂ(l))50 - f(z) (ﬂ(l))ézfl

C= € ILRSI[B, ¢, s; n, k] (66)
FOB Mg oo | FOB)e,
and receive a matrix
R=(RV|R?|...|R®)=C+E (67)
with R® ¢ IF;:,""‘ forall A = 1,..., ¢ where the error matrix E = (E1) | E® | ... | E®)

has sum-rank weight wtx g (E) = ¢. In order to simplify the notation we index the entries in
Rasrj;forj=0,...,s —landi=0,...,n— 1.
Further, we define the vector

a= (@, a?®, .. a®)¢ Fgm (68)

where a® = (&,_1,...,6_1) € Fpn foralla=1,..., ¢
For interleaved linearized Reed—Solomon codes, the interpolation point set is

P =A{(Bi, 104, r5-10) i =0,...,n—1} CFLL. (69)

Problem 3 (Vector Interpolation Problem) Given the integer s € Z., a degree constraint
D € Zy, a set of Fyn-linear vector evaluation maps €7 = {&,",..., &} as defined
in (49), a vector a = (ag, dy, ..., a,_1) € IFZ,,, as defined in (68) and a vector w = (0, k —

1,...,k—1)€e Zf:’l compute a vector b € Fym[x; o ! that satisfies:

- &P M)y, =0,Vi=0,...,n—1,
— degy(b) < D.

A nonzero solution of Problem 3 exists if the degree constraint satisfies
k—1 1
D= [u—‘ ) (70)
s+1

By following the ideas in Proposition 2 for general evaluation parameters we see that Prob-
lem 3 can be solved by Algorithm 1 in O (sznz) operations in [Fym.
If the sum-rank weight of the error + = wtyr (E) satisfies

t < sl(n—k+1) 1)

s+
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we have that (see [6, Theorem 2])

P(x)= Qo)+ Y Q) fV(x)=0. (72)

Jj=1

The root-finding problem consists of finding all polynomials (..., f©) Fym[x; o]k
that satisfy (72). The root-finding problem can be solved efficiently by the minimal approx-
imant basis methods in [10, 11] requiring at most O (s“1(n)) operations in Fym.

4.2.1 Solving the interpolation step via the fast KNH interpolation

Since Lemma 8 holds for arbitrary evaluation parameters a we have that the minimal polyno-
mial vectors in (55) fulfill Assumption 1. Consequently, we can solve Problem 3 by calling
Algorithm 3 with £°P as defined in (49), the basis I and initial degrees (0, k—1, ..., k—1).

4.2.2 Complexity analysis

Note that Problem 2 is an instance of Problem 3 with particular evaluation parameters.
Therefore, the complexity follows directly from Theorem 2.

Corollary 1 (Computational Complexity) Algorithm 3 solves Problem 3 over Fgm[x; oft!
in O (s“9M(n)) operations in Fym.

4.3 Interpolation-based decoding of interleaved skew Reed-Solomon codes

In this section we consider decoding of Skew Reed—Solomon (SRS) codes with respect
to the skew metric, which was introduced in [39]. Decoding schemes for SRS codes that
allow for correcting error of skew weight up to L”—;"J were presented in [11, 13, 34, 39].
Interpolation-based decoding of interleaved SRS ISRS codes that allows for decoding errors
of skew weight up to ﬁ(n — k 4 1), where s is the interleaving order, was considered in
[6]. The interpolation scheme can be either used as a list decoder or as a probabilistic-unique
decoder.

In this work we consider the definition of the skew weight from [13, Proposition 1]. Let
the vector b € F’;m contain P-independent elements and let 3 be the P-closed set generated
by the elements in b. Then, the skew weight of a vector x € IFZm with respect to B is defined
as

Wiskew (X):=deg <lclm (x - b,'x") 0<i<n—1 > (73)
x; #0

where b;":=0 (x;)b;x; e 8(xi)xi_1 (see (3).) For simplicity we omit the dependence on
B in the definition of Wtg.y, (+) as it will be clear from the context. Similar to the rank and
the sum-rank weight we have that Wtgge,, (X) < wty (x) forall x € IF‘Z,,, (see [39]). The skew
distance between two vectors X,y € ]FZm is defined as

dskew(x’ Y)I= Wiskew (X - Y) (74)
As a channel model we consider the skew metric channel

r=c+e (75)
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where the error vector e has skew weight Wtz (€) = 7.
We define (vertically) interleaved skew Reed—Solomon (ISRS) codes as follows.

Definition 10 (Interleaved Skew Reed—Solomon Code) Letb = (bg, by, ...,b,_1) € FZ’”
contain P-independent elements from F,m. For a fixed integer k < n, a vertically s-
interleaved skew Reed—Solomon (ISRS) code of length n and dimension k is defined as

Fb]
@bl

ISRS[b, s; n, k] = DY e Fymlx; olak, ¥j € [1,s]¢ . (76)

SO
ISRS codes are maximum skew distance (MSD) codes, i.e. we have that
dskew (ISRS[b, s;n,k]) =n —k + 1. a7

Under a fixed basis of Fms over Fyn there is a bijection between a matrix C € F? 1" and
a vector ¢ € IFZ,,”. Hence, we can represent each codeword C € ISRS[b, s; n, k] as a vector
c = f(b) € IFZ"” where f € [ ms[x; o] is the the polynomial obtained by considering
the coefficients of f (OR f ) over IFms . This relation between s-interleaved evaluation
codes over Fym and punctured evaluation codes over the bigger field Fyms is well-known
from Reed—Solomon and Gabidulin codes (see e.g. [8, 58]).

Suppose we transmit a vector ¢ = f'(b) € ISRS[b, s; n, k] and receive a vector

r=c+eelFyn (78)
where wtge(€) =1. LetR € F;E” denote the expanded matrix of r € ]F;m over Fynm.

Definition 11 (Remainder Vector Evaluation Map) Given an interpolation point set P =
{(pio, Pids---»Pis):i=0,...,n—1} C IF;?,,‘I and a vector Q € Fym[x; oI t! we define
the remainder vector evaluation maps as

N
&M Q=00 pio] +Y_ Qj[pio" ] pij. ¥i=0....n—1 (79)
j=1
Remark 2 Note that p; o7/ is not defined whenever p; ; = 0. Similar to [43] we define
0; [pi,opi»/'] pi,j = 0 forall p; ; = 0. This definition is very natural in view of the corre-

spondence to the generalized operator evaluation (see Lemma 3) and the product rule (see
[29, Theorem 2.7]).

For interleaved skew Reed—Solomon codes, the interpolation point set is
P ={(Bi»ro,is---rrs—10) i =0,...,n— 1} CFLL (80)

Problem 4 (Vector Interpolation Problem) Given the integer s € Z,, a degree constraint
D € Zy, a set of Fm-linear vector evaluation maps £"" = {&5", ..., &, '} as defined

in(79)andavectorw = (0,k—1,...,k—1) € Zf:’l compute a vector b € Fym[x; oFt!
that satisfies:

- &Mb)=0,Vi=0,...,n—1,
— deg, (b) < D.
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A nonzero solution of Problem 4 exists if the degree constraint satisfies (see [6])

D=’7w—‘. 81
s+1

Proposition 3 Problem 4 can be solved by Algorithm 1 in O (sznz) operations in IFym.

Proof Problem 4 corresponds to finding a vector in the interpolation module
Kn—1 = {b € Fyn[x; ot EMb)=0,Vi=0,...,n—1} (82)

of minimal w-weighted degree. Hence, Problem 4 can be solved by computing a w-ordered
weak-Popov basis for the left Fym [x; o' ]-module K,_1 and returning a row with w-weighted
degree less than D. The problem of finding a w-ordered weak-Popov basis for /C,,_| is an
instance of the general vector interpolation problem (Problem 1) which can be solved by
Algorithm 1 (see Lemma 4).

By Proposition 1, Algorithm 1 requires the computation of O (sn) evaluation maps & "
of a vector in Fym[x; a]i‘;l, which requires O (sn) operations in Fym each. Overall, the
computation of the evaluation maps requires O (sznz) operations in [Fyn. The computation
of the n multiplications of a monic degree-1 skew polynomial with a vector from Fym [x; o]
(Line 11) requires O (snz) operations in Fym in total. The O (sn) multiplications of an
element from F,m and a vector from F m [x; O']S;,;l require at most O (s2n2) operations in
[Fym . Therefore we conclude that Algorithm 1 can solve Problem 2 requiring at most O (s2n2)
operations in [Fym. O

If the skew weight of the error t = Wtk (€) satisfies

s
t —k+1 83
<3 (n—k+1 (83)

it can be shown that (see [6])
s .
P(x)= Qo)+ Y ;) fV(x)=0. (84)
j=1

The root-finding step consists of finding all polynomials f, ... f® e Fym[x; o]k

that satisfy (84). The root-finding problem can be solved efficiently by the minimal approx-
imant basis methods in [10, 11] requiring at most O (s“91(n)) operations in Fym.
4.3.1 Solving the interpolation step via the fast KNH interpolation

Define the sets

7)[(::)]]= {pl’opli : pl’r # 0, Vl = i, “ ey j} (85)

forall0 <i,j <n—1landr =1,...,s. Then the vectors of minimal polynomials with
respect to the generalized operator evaluation are defined as

Mff“;] (x):= <M{r;ri“0,ij FIEI2 M;jf]f) x), ..., M;:’?:) (x)) . (86)
' ' Ti.j] li.j]
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Lemma 10 Let £™" = (65", ..., &) be an ordered set of skew vector evaluation maps
as defined in (79) and leté’(f?”l = (&M, ..., é“’j’em) C &7 Then forany Q € Fym|x; oFt!
we have that

&M(Q) = & (Q mod; Mfl»“f;f](x)), Vi=i,...,]J. 87)
Proof For the case where the interpolation point p; (corresponding to &) contains only
nonzero elements, the lemma follows directly by applying the result from Lemma 2 to the
elementary evaluations in the skew vector remainder evaluation maps defined in (79). Since
by definition of the sets in (85) all conjugates p; o”* where p; , = 0 are excluded, and by
definition the evaluation of each Q, [pi,opi"] pi.r = 0for all p; , = 0 (see Remark 2), we
have that the statement also holds in this case. O

Animportant consequence of Lemma 101is, that the vector remainder evaluation maps from
Definition 11 and the minimal polynomial vectors in (86) fulfill Assumption 1. Hence, we
can solve Problem 4 by calling Algorithm 3 with SkewlnterpolateTree(£"¢", I;41, (0, k —
L,....k—=1)).

4.3.2 Complexity analysis

Lemma 11 (Complexity of Computing Minimal Polynomial Vectors) Algorithm 4 constructs
the (ordered) set containing the minimal polynomial vectors

M i (M 1360 MEET 1y 00 M g0 M) )
C Fynlx; o' (88)
as defined in (86) in 0 (s9(n)) operations in Fym.

Proof Algorithm 4 is a generalization of the Brocedure in [17, Theorem 3.2.7] to construct a
single minimal polynomial, which requires O (9(n)) operations in Fg». Hence, the overall
complexity of Algorithm 4 is in the order of O (s91(n)) operations in Fym. O

Theorem 3 (Computational Complexity) Algorithm 3 solves Problem 4 over Fgn[x; ot!
in O (s”IM(n)) operations in Fym.

Proof Follows the ideas of the proof of Theorem 2. O

Remark 3 (Practical Consideration) Note that in the [Fym [x; o ]-case the i-th remainder vector
evaluation map &/ (xQ) of xQ can be computed efficiently from &“" (Q) requiring only
one application of the automorphism ¢ and one multiplication since by the product rule [29]
we have that

8" (xQ) =0 (67M(Q) pro. Vi=0,....n—1. (89)
4.4 Applications to other related coding problems
Algorithm 3 with generalized operator vector evaluation maps of the form as defined in
Definition 8 can be used to solve the interpolation step in other related interpolation-based

decoding problems efficiently. The corresponding interpolation problems are instances of
Problem 1 where the minimal polynomial vectors in (55) fulfill Assumption 1.
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In particular, the interpolation step in decoding of lifted s-interleaved Gabidulin codes
in the subspace metric [8, 9] can be performed requiring at most O (s“M(n,)) operations
in Fym, where n, denotes the dimension of the received subspace. Further, the interpolation
step in decoding /-folded Gabidulin codes [8, 37] and lifted h-folded Gabidulin codes [7]
can be performed in at most 0 (s®IMM(n)) and 0 (s“MM(n,)) operations in Fym, respectively,
where s < h denotes an interpolation parameter.

Algorithm 3 can also be used to solve the interpolation step for decoding lifted s-
interleaved LRS codes in the sum-subspace metric [5] requiring at most 0 (s?M(n;))
operations in [F,m, where n, denotes the sum of the dimensions of the received subspaces
over all shots.

Algorithm 3 can also solve the interpolation step for interpolation-based decoding of /-
folded 1LRS codes [23] requiring at most 0 (s“MM(n)) operations in Fym, where s < his a
decoding parameter and n is the length of the unfolded code.

Since, unlike the minimal approximant basis approach in [6, 11], Algorithm 3 has no
requirements on the interpolation points (related to the evaluation maps), it can be applied in
a straight-forward manner to decoding problems of lifted Gabidulin and LRS code variants
in the (sum-)subspace metric.

5 Conclusion

We proposed a fast divide-and conquer variant of the Kotter—Nielsen—Hgholdt (KNH) inter-
polation over free modules over skew polynomial rings. We showed how the proposed KNH
interpolation can be used to solve the interpolation step of interpolation-based decoding of
interleaved Gabidulin, linearized Reed—§olom0n and skew Reed—Solomon codes and vari-
ants thereof efficiently requiring at most O (s“9)1(n)) operations in [F;m , where n is the length
of the code, s the interleaving order, M (n) the complexity for multiplying two skew polyno-
mials of degree at most n, @ the matrix multiplication exponent and 0 () the soft-O notation
which neglects log factors. The computational complexity of the proposed fast KNH vari-
ant coincides with the complexity of the currently fastest interpolation algorithms for skew
polynomial rings, where the proposed variant relies on the well-known (bottom-up) KNH
interpolation algorithm instead of quite involved (top—down) minimal approximant bases
techniques. The proposed results also hold for codes defined over general skew polynomials
rings (with derivations), except for the complexity analysis. Due to the bottom-up nature of
the proposed KNH interpolation there are no requirements on the interpolation points and
thus no pre-processing of the interpolation points, which may be required for the top—down
minimal approximant bases approaches, is necessary.
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