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We consider the problem of computing univariate polynomial ma-
trices over a field that represent minimal solution bases for a
general interpolation problem, some forms of which are the vector
M-Padé approximation problem in Van Barel and Bultheel (1992) and
the rational interpolation problem in Beckermann and Labahn (2000).
Particular instances of this problem include the bivariate interpo-
lation steps of Guruswami-Sudan hard-decision and Koétter-Vardy
soft-decision decodings of Reed-Solomon codes, the multivariate
interpolation step of list-decoding of folded Reed-Solomon codes,
and Hermite-Padé approximation.
In the mentioned references, the problem is solved using iterative
algorithms based on recurrence relations. Here, we discuss a fast,
divide-and-conquer version of this recurrence, taking advantage of
fast matrix computations over the scalars and over the polynomi-
als. This new algorithm is deterministic, and for computing shifted
minimal bases of relations between m vectors of size o it uses
O (m®1(o + |s|)) field operations, where w is the exponent of
matrix multiplication, and [s| is the sum of the entries of the in-
put shift s, with min(s) = 0. This complexity bound improves in
particular on earlier algorithms in the case of bivariate interpola-
tion for soft decoding, while matching fastest existing algorithms
for simultaneous Hermite-Padé approximation.
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1. Introduction
11. Context

In this paper, we study fast algorithms for generalizations of classical Padé approximation and poly-
nomial interpolation problems. Two typical examples of such problems are the following.

Constrained bivariate interpolation. In coding theory, some decoding algorithms rely on solving a bi-
variate interpolation problem which may be formulated as follows. Given a set of o

points {(x1, y1),..., (X5, Yo )} with coordinates in a field K, find a non-zero polynomial
Q €K[X, Y] of Y-degree less than m satisfying
Qx1,y=--=0Q(X5,¥5) =0,

as well as a weighted degree constraint. In terms of linear algebra, we interpret this us-
ing the K-linear functionals ¢1,...,¢, defined by £;(Q) = Q(x;,y;) for polynomials Q
in K[X, Y]. Then, given the points, the problem is to find a polynomial Q satisfying the
degree constraints and such that £;(Q) =0 for each j. Writing Q = ka pj+1(X)Yj,
in this context, one may actually want to compute a whole basis P of such interpolants
p=(p1,...,Pm), and the weighted degree constraint is satisfied through the minimization
of some suitably defined degree of P.

Hermite-Padé approximation. Given a vector of m polynomials f = (f1,..., fin) € K[X]™, with co-
efficients in a field K, and given a target order o, find another vector of polynomials
p=(p1,...,pm) such that

pifi+-++ Pmfm = 0mod X7, (1)

with some prescribed degree constraints on p1,..., Pm.

Here as well, one may actually wish to compute a set of such vectors p, forming the rows
of a matrix P over K[X], which describe a whole basis of solutions. Then, these vectors may
not all satisfy the degree constraints, but by requiring that the basis matrix P minimizes
some suitably defined degree, we will ensure that at least one of its rows does (unless the
problem has no solution).

Concerning Hermite-Padé approximation, a minimal basis of solutions can be computed in
O (m®1o) operations in K (Zhou and Labahn, 2012). Here and hereafter, the soft-O notation
O7(-) indicates that we omit polylogarithmic terms, and the exponent w is so that we can mul-
tiply m x m matrices over K in O(m®) operations in K, the best known bound being w < 2.38
(Coppersmith and Winograd, 1990; Le Gall, 2014). For constrained bivariate interpolation, assuming
that x1,...,X, are pairwise distinct, the best known cost bound for computing a minimal basis is
O (m®o) (Bernstein, 2011; Cohn and Heninger, 2015; Nielsen, 2014); the cost bound @~ (m® o)
was achieved in Chowdhury et al. (2015) with a probabilistic algorithm which outputs only one in-
terpolant satisfying the degree constraints.

Following the work of Van Barel and Bultheel (1992), Beckermann and Labahn (2000), and
McEliece’s presentation of Kotter’s algorithm (McEliece, 2003, Section 7), we adopt a framework that
encompasses both examples above, and many other applications detailed in Section 2; we propose a
deterministic algorithm for computing a minimal basis of solutions to this general problem.

1.2. Minimal interpolation bases

Consider a field K and the vector space € =K, for some positive integer o ; we see its elements
as row vectors. Choosing a 0 x o matrix J with entries in K allows us to make ¢ a K[X]-module in
the usual manner, by setting p -e =ep(J), for p in K[X] and e in & We will call J the multiplication
matrix of (&, ).
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Definition 1.1 (Interpolant). Given a vector E = (e, ...,ey) in €™ and a vector p = (p1,..., Pm) in
K[X]™, we write p-E=pj-e1+---+ pm - ey € € We say that p is an interpolant for (E,]) if
p-E=0. (2)

Here, p is seen as a row vector, and E is seen as a column vector of m elements of &: as a matter
of notation, E will often equivalently be seen as an m x o matrix over K.

Interpolants p are often called relations or syzygies of eq, ..., ep. This notion of interpolants was
introduced by Beckermann and Labahn (2000), with the requirement that J be upper triangular. One
of the main results of this paper holds with no assumption on J; for our second main result, we will
work under the stronger assumption that J is a Jordan matrix: it has n Jordan blocks of respective
sizes o1, ..., 0, and with respective eigenvalues x1, ..., X.

In the latter context, the notion of interpolant directly relates to the one introduced by Van Barel
and Bultheel (1992) in terms of K[X]-modules. Indeed, one may identify & with the product of
residue class rings

F=K[XI/(X7) x -+ x K[X]/(X™),

by mapping a vector f= (f1,..., fp) in § to the vector e € € made from the concatenation of the
coefficient vectors of fy,..., f;. Then, over §, the K[X]-module structure on & given by p-e=ep(J)
simply becomes

p-f=(p(X+x1)fr mod X°', ..., p(X + xy) fn mod X°).
Now, if (eq,...,epn) in &M is associated to (fy,...,fy) in §", with f; = (fi1,..., fin) and f;j in

K[X]1/(X¢) for all i, j, the relation p;-e; +---+ pm - €y = 0 means that for all j in {1,...,n}, we
have

pP1X+x)f1j+ -+ pm(X + X)) fm,j =0 mod X%;

applying a translation by —x;, this is equivalent to

p1fij(X =xj) 4+ + pmfm,j(X —xj) =0 mod (X —x;)%. (3)
Thus, in terms of vector M-Padé approximation as in Van Barel and Bultheel (1992), (p1,..., pm) is
an interpolant for (f,...,fy), X1,...,%xy, and o1, ..., 0p.

Both examples above, and many more along the same lines, can be cast into this setting. In the
second example above, this is straightforward: we have n =1, x; = 0, so that the multiplication matrix
is the upper shift matrix

; (4)

it is a nilpotent Jordan block. In the first example, we have n = o, and the multiplication matrix is
the diagonal matrix

X1
X2

Xo
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Then, for p in K[X] and e = [e1,...,es] in & p-e is the row vector [p(xq1)eq,..., p(Xs)es].
In this case, to solve the interpolation problem, we start from the tuple of bivariate polynomials
(1,Y,...,Y™1); their evaluations E = (eq,...,ey) in ¢™ are the vectors e; = [¥},---, Y] and the

relation p - E = 0 precisely means that Q (X,Y) = p1 + p2Y + --- + pm Y™ ! vanishes at all points
{(xj,¥j), 1< j <o}, where p= (p1,..., Pm)-

Let us come back to our general context. The set of all interpolants for (E,J) is a submodule
of K[X]™, which we will denote by J(E, ]J). Since it contains ITj(X)K[X]™, where ITj € K[X] is the
minimal polynomial of J, this submodule is free of rank m (see for example Dummit and Foote, 2004,
Chapter 12, Theorem 4).

Definition 1.2 (Interpolation basis). Given E in ¢™ and J in K?*?, a matrix P in K[X]™*™ is an inter-
polation basis for (E,J) if its rows form a basis of J(E,J).

In terms of notation, if a matrix P € K[X]¥*™ has rows p1, ..., pr, we write P-E for (p; -E,...,
P« - E) € €% seen as a column vector. Thus, for k = m, if P is an interpolation basis for (E,J) then in
particular P-E=0.

In many situations, one wants to compute an interpolation basis which has sufficiently small de-
grees: as we will see in Section 2, most previous algorithms compute a basis which is reduced with
respect to some degree shift. In what follows, by shift, we mean a tuple of nonnegative integers
which will be used as degree weights on the columns of a polynomial matrix. Before giving a pre-
cise definition of shifted minimal interpolation bases, we recall the notions of shifted row degree and
shifted reducedness for univariate polynomial matrices; for more details we refer to (Kailath, 1980)
and (Zhou, 2012, Chapter 2).

The row degree of a matrix P = [p; ;]; j in K[X]¥*™ with no zero row is the tuple rdeg(P) =
d1,....dy) € N with d; = max;deg(p; ;) for all i. For a shift s = (s1,...sm) € N, the diago-
nal matrix with diagonal entries X5',..., X" is denoted by X%, and the s-row degree of P is
rdeg (P) = rdeg(PX®). Then, the s-leading matrix of P is the matrix in K™ whose entries are the
coefficients of degree zero of X 74¢&®) PXS  and we say that P is s-reduced when its s-leading matrix
has full rank. In particular, if P is square (still with no zero row), it is s-reduced if and only if its
s-leading matrix is invertible. We note that P is s-reduced if and only if PX® is 0-reduced, where
0=(0,...,0) is called the uniform shift.

Definition 1.3 (Shifted minimal interpolation basis). Consider ¢ =K and a multiplication matrix J in
K°*%, Given E = (e1,...,ep) in €™ and a shift s € N™, a matrix P € K[X]™™ is said to be an
s-minimal interpolation basis for (E,J) if

e P is an interpolation basis for (E,J), and

e P is s-reduced.

We recall that all bases of a free K[X]-module of rank m are unimodularly equivalent: given two
bases A and B, there exists U € K[X]™*™ such that A=UB and U is unimodular (that is, U is in-
vertible in K[X]™*™). Among all the interpolation bases for (E,]), an s-minimal basis P has a type
of minimal degree property. Indeed, P is s-reduced if and only if rdegs(P) < rdegs(UP) for any uni-
modular U; in this inequality, the tuples are first sorted in non-decreasing order and then compared
lexicographically. In particular, a row of P which has minimal s-row degree among the rows of P also
has minimal s-row degree among all interpolants for (E,J).

1.3. Main results

In this article, we propose fast deterministic algorithms that solve Problem 1. Our first main result
deals with an arbitrary matrix J, and uses techniques from fast linear algebra.

Taking J upper triangular as in Beckermann and Labahn (2000) would allow us to design a divide-
and-conquer algorithm, using the leading and trailing principal submatrices of J for the recursive calls.
However, this assumption alone is not enough to obtain an algorithm with cost quasi-linear in o, as
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Problem 1 (Minimal interpolation basis).
Input:
e the base field K,
the dimensions m and o,
a matrix E € K™*°,
amatrixJ € K°*°,
a shifts e N™,

Output: an s-minimal interpolation basis P € K[X]™*™ for (E, ).

simply representing J would require a number of coefficients in K quadratic in o. Taking J a Jordan
matrix solves this issue, and is not a strong restriction for applications: it is satisfied in all those we
have in mind, which are detailed in Section 2.

If Je K9%9 is a Jordan matrix with n diagonal blocks of respective sizes o1,...,0n, and with
respective eigenvalues xi, ..., X;, we will write it in a compact manner by specifying only those sizes
and eigenvalues. Precisely, we will assume that J is given to us as the form

J=(x1,01,1), ... X1, 01,17)s - s R, O1,1)5 - - oo (e, Ot ), (5)
for some pairwise distinct xq,...,x;, withry >-.->r¢ and 01 > --- > 0y, for all i; we will say that
this representation is standard. If J is given as an arbitrary list ((x1,01), ..., (xn, 0n)), we can reorder

it (and from that, permute the columns of E accordingly) to bring it to the above form in time
OM(o)log(c)?) using the algorithm of Bostan et al. (2008, Proposition 12); if K is equipped with
an order, and if we assume that comparisons take unit time, it is of course enough to sort the x;’s.
Here, M(-) is a multiplication time function for K[X]: polynomials of degree at most d in K[X] can
be multiplied using M(d) operations in K, and M(-) satisfies the super-linearity properties of von zur
Gathen and Gerhard (2013, Chapter 8). It follows from the algorithm of Cantor and Kaltofen (1991)
that M(d) can be taken in O(dlog(d)log(log(d))).

Adding a constant to every entry of s does not change the notion of s-reducedness, and thus does
not change the output matrix P of Problem 1; in particular, one may ensure that min(s) = 0 without
loss of generality. The shift s, as a set of degree weights on the columns of P, naturally affects how
the degrees of the entries of P are distributed. Although no precise degree profile of P can be stated
in general, we do have a global control over the degrees in P, as showed in the following results; in
these statements, for a shift s, we write |s| to denote the quantity |s| =51 + -+ + Sp.

We start with the most general result in this paper, where we make no assumption on J. In this
case, we obtain an algorithm whose cost is essentially that of fast linear algebra over K. The output of
this algorithm has an extra uniqueness property: it is in Popov form; we refer the reader to Section 7
or (Beckermann et al., 2006) for a definition.

Theorem 1.4. There is a deterministic algorithm which solves Problem 1 using

O(o®(fm/o] + log(0))) ifo>2
O(c?(fm/o ] +log(0))log(o)) ifo=2

operations in K and returns the unique s-minimal interpolation basis for (E,J) which is in s-Popov form.
Besides, the sum of the column degrees of this basis is at most o.

In the usual case where m = O(o), the cost is thus O7(c®); this is to be compared with the
algorithm of Beckermann and Labahn (2000), which we discuss in Section 2.

Our second main result deals with the case of J in Jordan canonical form, for which we obtain a
cost bound that is quasi-linear with respect to o.
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Theorem 1.5. Assuming that J € K°*? is a Jordan matrix, given by a standard representation, there is a de-
terministic algorithm which solves Problem 1 using

Om®~M(0) log(o) log(o /m) + m®~IM(&) log(& /m)) ifw>2
O(mM(0) log(0) log(o /m) log(m)® + mM(&) log(¢ /m) log(m)*)  ifw =2

operations in K, where & = |s — min(s)|. Besides, the sum of the row degrees of the computed s-minimal
interpolation basis is at most o + &.

The reader interested in the logarithmic factors should refer to the more precise cost bound in
Proposition 3.1. Masking logarithmic factors, this cost bound is O~ (m®~! (o + &)). We remark that the
bound on the output row degree implies that the size of the output matrix P is O(m(o + &)), where
by size we mean the number of coefficients of K needed to represent this matrix.

We are not aware of a previous cost bound for the general question stated in Problem 1 that would
be similar to our result; we give a detailed comparison with several previous algorithms and discuss
useful particular cases in Section 2.

1.4. Overview of the algorithms

To deal with an arbitrary matrix J, we rely on a linear algebra approach presented in Section 7,
using a linearization framework that is classical for this kind of problems (Kailath, 1980). Our algo-
rithm computes the rank profile of a block Krylov matrix using techniques that are reminiscent of the
algorithm of Keller-Gehrig (1985); this framework also allows us to derive a bound on the sum of the
row degrees of shifted minimal interpolation bases. Section 7 is the last section of this paper; it is
the only section where we make no assumption on J, and it does not use results from other parts of
the paper.

We give in Section 3 a divide-and-conquer algorithm for the case of a matrix J in Jordan canonical
form. The idea is to use a Knuth-Schonhage-like half-gcd approach (Knuth, 1970; Schonhage, 1971;
Brent et al., 1980), previously carried over to the specific case of simultaneous Hermite-Padé approx-
imation in Beckermann and Labahn (1994), Giorgi et al. (2003). This approach consists in reducing
a problem in size o to a first sub-problem in size o /2, the computation of the so-called residual, a
second sub-problem in size ¢ /2, and finally a recombination of the results of both sub-problems via
polynomial matrix multiplication. The shift to be used in the second recursive call is essentially the
s-row degree of the outcome of the first recursive call.

The main difficulty is to control the sizes of the interpolation bases that are obtained recursively.
The bound we rely on, as stated in our main theorems, depends on the input shift. In our algorithm,
we cannot make any assumption on the shifts that will appear in recursive calls, since they depend
on the degrees of the previously computed bases. Hence, even in the case of a uniform input shift
for which the output basis is of size O(mo), there may be recursive calls with an unbalanced shift,
which may output bases that have large size.

Our workaround is to perform all recursive calls with the uniform shift s =0, and resort to a
change of shift that will be studied in Section 5; this strategy is an alternative to the linearization
approach that was used by Zhou and Labahn (2012) in the specific case of simultaneous Hermite-
Padé approximation. We note that our change of shift uses an algorithm in Zhou et al. (2012), which
itself relies on simultaneous Hermite-Padé approximation; with the dimensions needed here, this ap-
proximation problem is solved efficiently using the algorithm of Giorgi et al. (2003), without resorting
to (Zhou and Labahn, 2012).

Another difficulty is to deal with instances where o is small. Our bound on the size of the output
states that when o < m and the shift is uniform, the average degree of the entries of a minimal
interpolation basis is at most 1. Thus, in this case our focus is not anymore on using fast polynomial
arithmetic but rather on exploiting efficient linear algebra over K: the divide-and-conquer process
stops when reaching o < m, and invokes instead the algorithm based on linear algebra proposed in
Section 7.
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The last ingredient is the fast computation of the residual, that is, a matrix in K™*°/2 for restarting
the process after having found a basis PV for the first sub-problem of size ¢ /2. This boils down to
computing PV - E and discarding the first ¢ /2 columns, which are known to be zero. In Section 6,
we design a general procedure for computing this kind of product, using Hermite interpolation and
evaluation to reduce it to multiplying polynomial matrices.

Concerning the multiplication of the bases obtained recursively, to handle the fact that they may
have unbalanced row degrees, we use the approach in Zhou et al. (2012, Section 3.6); we give a
detailed algorithm and cost analysis in Section 4.

2. Applications and comparisons with previous work

In this section, we review and expand the scope of the examples described in the introduction,
and we compare our results for these examples to previous work. For ease of comparison, in all this
section we consider the case w > 2.

2.1. General case

In this paragraph, we consider the general Problem 1, without assuming that J is a Jordan matrix.
The only previous work that we are aware of is Beckermann and Labahn (2000), where it is still
assumed that J is upper triangular. This assumption allows one to use an iteration on the columns
of E, combining Gaussian elimination with multiplication by monic polynomials of degree 1 to build
the basis P: after i iterations, P is an s-minimal interpolation basis for the first i columns of E and
the i x i leading principal submatrix of J. This algorithm uses ©(mo*) operations and returns a basis
in s-Popov form. We note that in this context the mere representation of J uses ®(c2) elements.

As a comparison, the algorithm of Theorem 1.4 computes an interpolation basis for (E,]) in
s-Popov form for any matrix J in K°*“. For any shift s, this algorithm uses O(c® log(c)) opera-
tions when m € O(c) and O(c®~'m + o log(c)) operations when o € O(m).

2.2. M-Padé approximation

We continue with the case of a matrix J in Jordan canonical form. As pointed out in the intro-
duction, Problem 1 can be formulated in this case in terms of polynomial equations and corresponds
to an M-Padé approximation problem; this problem was studied in Liibbe (1983), Beckermann (1990)
and named after the work of Mahler, including in particular (Mahler, 1968). Indeed, up to applying a
translation in the input polynomials, the problem stated in (3) can be rephrased as follows.

Problem 2 (M-Padé approximation).
Input:
e points xq,...,X, in K,
e integersoy > --- > 0p >0,
o matrix F in K[X]™*" with its j-th column F,_; of degree < o},
o shifts e N™,
Output: a matrix P in K[X]™*™ such that
o the rows of P form a basis of the K[ X]-module

{p e K[X]"™ | pF. ;=0 mod (X — x;)% for each j},

o Piss-reduced.

Here, 0 = 01 + --- + oy. Previous work on this particular problem includes (Beckermann, 1992;
Van Barel and Bultheel, 1992); note that in Beckermann (1992), the input consists of a single col-
umn F in K[X]™*! of degree less than o: to form the input of our problem, we compute F =
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[F mod (X — x1)°1|---|F mod (X — x,)°"]. The algorithms in these references have a cost of @(m?c2)
operations, which can be lowered to O(mo?) if one computes only the small degree rows of an
s-minimal basis (gradually discarding the rows of degree more than, say, 20 /m during the computa-
tion). To the best of our knowledge, no algorithm with a cost quasi-linear in o has been given in the
literature.

2.3. Hermite-Padé approximation

Specializing the discussion of the previous paragraph to the case where all x; are zero, we obtain
the following important particular case.

Problem 3 (Simultaneous Hermite-Padé approximation).

Input:
e integersoy = --- > oy >0,
o matrix F in K[X]™*" with its j-th column F,_; of degree < o,
o shifts e N™,

Output: a matrix P in K[X]™*™ such that
o the rows of P form a basis of the K[X]-module

{p e K[X]"™™™ | pF, j =0 mod X7 for each j},

o Piss-reduced.

Here, 0 =01 + - -+ + 0. Our main result says that there is an algorithm which solves Problem 3
using O(m®~M(o) log(o) log(o /m) + m®~IM(&) log(¢€ /m)) operations in K, where & = |s — min(s)|.
As we will see, slightly faster algorithms for this problem exist in the literature, but they do not cover
the same range of cases as we do; to the best of our knowledge, for instance, most previous work on
this problem dealt with the case 01 =---=0,=0/nand n<m.

First algorithms with a cost quadratic in o were given in Sergeyev (1987), Paszkowski (1987) in
the case of Hermite-Padé approximation (n = 1), assuming a type of genericity of F and outputting
a single approximant p € K[X]'*™ which satisfies some prescribed degree constraints. For n = 1,
Van Barel and Bultheel (1991) propose an algorithm which uses @(m?02) operations to compute
a s-minimal basis of approximants for F at order o, for any F and s. This result was extended by
Beckermann and Labahn (1994) to the case of any n < m, with the additional remark that the cost
bound is O(mo?) if one restricts to computing only the rows of small degree of an s-minimal basis.

In Beckermann and Labahn (1994), the authors also propose a divide-and-conquer algorithm using
O"(m®o) operations in K; the base case of the recursion deals with the constant coefficient of a
single column of the input F. Then, Giorgi et al. (2003) follow a similar divide-and-conquer approach,
introducing a base case which has matrix dimensions m x n and is solved efficiently by means of
linear algebra over K; this yields an algorithm with the cost bound O(m®M(o /n) log(o /n)), which is
particularly efficient when n € ®(m). On the other hand, in the case of Hermite-Padé approximation
(n=1) it was noticed by Lecerf (2001) that the cost bound O™ (m“o) is pessimistic, at least when
some type of genericity is assumed concerning the input F, and that in this case there is hope to
achieve O"(m®~1o).

This cost bound was then obtained by Storjohann (2006), for computing only the small degree
rows of an s-minimal basis, via a reduction of the case of small n and order o to a case with
larger column dimension n’ ~ m and smaller order ¢’ ~ no /m. This was exploited to compute a
full s-minimal basis using O(m®M(o /m)log(o /n)) operations (Zhou and Labahn, 2012), under the as-
sumption that either |[s —min(s)| € O(o) or | max(s) —s| € O(o) (which both imply that an s-minimal
basis has size O(mo)). We note that this algorithm is faster than ours by a logarithmic factor, and that
our result does not cover the second assumption on the shift with a similar cost bound; on the other
hand, we handle situations that are not covered by that result, when for instance all o;’s are not equal.
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Zhou (2012, Section 3.6) gives a fast algorithm for the case n < o <m, for the uniform shift and
01 =---=0, =0 /n. For an input of dimensions m x n, the announced cost bound is O"(m®~1o); a
more precise analysis shows that the cost is O(c®~'m + ¢ ® log(c /n)). For this particular case, there
is no point in using our divide-and-conquer algorithm, since the recursion stops at o < m; our general
algorithm in Section 7 handles these situations, and its cost (as given in Proposition 7.1 with § = o /n)
is the same as that of Zhou’s algorithm in this particular case. In addition, this cost bound is valid for
any shift s and the algorithm returns a basis in s-Popov form.

2.4. Multivariate interpolation

In this subsection, we discuss how our algorithm can be used to solve bivariate interpolation
problems, such as those appearing in the list-decoding (Sudan, 1997; Guruswami and Sudan, 1998)
and the soft-decoding (Kotter and Vardy, 2003a, Sec.Ill) of Reed-Solomon codes; as well as multi-
variate interpolation problems, such as those appearing in the list-decoding of folded Reed-Solomon
codes (Guruswami and Rudra, 2008) and in robust Private Information Retrieval (Devet et al., 2012).
Our contribution leads to the best known cost bound we are aware of for the interpolation steps
of the list-decoding and soft-decoding of Reed-Solomon codes: this is detailed in Subsections 2.5
and 2.6.

In those problems, we have r new variables Y =Yq,...,Y, and we want to find a multivariate
polynomial Q (X,Y) which vanishes at some given points {(xk, Yx)}1<kgp With prescribed supports
{1k} 1<k<p- In this context, given a point (x, y) € K'*! and an exponent set ;.  N'+1, we say that Q
vanishes at (x, y) with support pu if the shifted polynomial Q (X + x,Y + y) has no monomial with
exponent in . Besides, the solution Q (X,Y) should also have sufficiently small weighted degree
degy (Q (X, XWY)) for some given weight w e N'.

To make this fit in our framework, we first require that we are given an exponent set ' € N'
such that any monomial XY/ appearing in a solution Q (X,Y) should satisfy j € I'. Then, we can
identify Q (X,Y) = Zjd- pj(X)Yj with p=[pjljer € K[X]'™™, where m is the cardinality of I". We
will show below how to construct matrices E and J such that solutions Q (X, Y) to those multivariate
interpolation problems correspond to interpolants p = [p;ljer for (E,J) that have sufficiently small
shifted degree.

We also require that each considered support u satisfies

if(i,j) e andi >0, then (i — 1, j) € . (6)

Then, the set

Jint = 1P = (Pj)jer € K[X]"™

Z pj(X)Yj vanishes at (xg, yi) with support py for 1 <k < p}

jer

is a K[X]-module, as can be seen from the equality
XQOQX+x,Y+)=X+xQ(X+x,Y+y). (7)

Finally, as before, we assume that we are given a shift s such that we are looking for poly-
nomials of small s-row degree in Jj,. In this context, the shift is often derived from a weighted
degree condition which states that, given some input weights w = (wq,...,w,) € N, the de-
gree degy(Q (X, X"1Yq,---,X"Y,)) should be sufficiently small. Since Q (X, X"1Yq,---,X"Y;) =
Yer XWiiit+Wrirp (X)YJ, this w-weighted degree of Q is exactly the s-row degree of p for the
shift s = (w1 j1 + -+ 4+ Wrjr)(,,...jner- An s-reduced basis of Jj,; contains a row of minimal s-row
degree among all p € Jjy; we note that in some applications, for example in robust Private Informa-
tion Retrieval (Devet et al., 2012), it is important to return a whole basis of solutions and not only a
small degree one.
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Problem 4 (Constrained multivariate interpolation).
Input:
e number of variables r > 0,
e exponent set ' C N' of cardinality m,
e pairwise distinct points {(x, yx) € K11 < k < p} with
Xt,....,xpeKand yi,...,yp inK',
e supports {p, € N1 1 <k < p} where each uy, satisfies (6),
o shifts e N™.

Output: a matrix P € K[X]™*™ such that

o the rows of P form a basis of the K[ X]-module Jiyt,
o Piss-reduced.

This problem can be embedded in our framework as follows. We consider 9t = K[X, Yq, ..., Y;]
and the K-linear functionals {¢; ;i : M — K, (i, j) € uy, 1 <k < p}, where £; ; (Q) is the coefficient
of X'YJ in Q(X + xk, Y + yi). These functionals are linearly independent, and the intersection £ of
their kernels is the K[X]-module of polynomials in 92t vanishing at (x, yx) with support w for all k.
The quotient Mt/K is a K-vector space of dimension o =01 + --- 4 0 where oy = #p; it is thus
isomorphic to € =K, with a basis of the dual space given by the functionals ¢; ; x.

Our assumption on the supports py implies that 91/8 is a K[X]-module; we now describe the
corresponding multiplication matrix J. For a given k, let us order the functionals ¢; j in such a way
that, for any (i, j) such that (i 41, j) is in g, the successor of ¢; jx is £i+1,j k. Equation (7) implies
that

i jk(XQ)="0i—1,jk(Q) +xili j k(Q) (8)
holds for all Q, all ke {1,...,p}, and all (i, j) € py with i > 0.
Hence, J is block diagonal with diagonal blocks Ji,...,Jp, where Ji is a oy x o} Jordan matrix with

only eigenvalue x;, and block sizes given by the support p. More precisely, denoting Ay = {j € N" |
(i, j) € uy for some i} and oy ; = max{i € N| (i, j) € i} for each j e Ay, we have the disjoint union

Mk = U {(,),0<i< o}
JeA
Then, Ji is block diagonal with #Aj blocks: to each j e Ay corresponds a oy j x o j Jordan block
with eigenvalue x. It is reasonable to consider xq,...,x, ordered as we would like for a standard
representation of J. For example, in problems coming from coding theory, these points are part of the
code itself, so the reordering can be done as a pre-computation as soon as the code is fixed.

To complete the reduction to Problem 1, it remains to construct E. For each exponent y € I" we
consider the monomial Y? and take its image in 9t/f: this is the vector e, € & having for entries
the evaluations of the functionals ¢; j at Y”. Let then E be the matrix in K™ with rows (e, )yer:
our construction shows that a row p = (py)yer € K[X]1'*™ is in Jiy if and only if it is an interpolant
for (E,]).

To make this reduction to Problem 1 efficient, we make the assumption that the exponent sets I"
and  are stable under division: this means that if j € I' then all j’ such that j’ < j (for the product
order on N') belong to I"; and if (i, j) is in w, then all (i, j') such that (i, j') < (i, j) (for the product
order on N'*1) belong to /. This assumption is satisfied in the applications detailed below; besides,
using the straightforward extension of (8) to multiplication by Yq,...,Y,, it allows us to compute
all entries ¢; j (YY) of the matrix E inductively in O(mo), which is negligible compared to the cost
of solving the resulting instance of Problem 1. (As a side note, we remark that this assumption also
implies that K is a zero-dimensional ideal of 91.)

Proposition 2.1. Assuming that " and (11, . .., wp are stable under division, there is an algorithm which solves
Problem 4 using
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Om®~M(0) log(o) log(o /m) +m®~M(&) log(& /m)) ffw>2
O(mM(0) log(o) log(c /m) log(m)? + mM(€) log( /m) logm)?)  if =2

operations in K, where 0 =#uq + -+ + #up and £ = |[s — min(s)|.
2.5. List-decoding of Reed-Solomon codes

In the algorithms of Sudan (1997), Guruswami and Sudan (1999), the bivariate interpolation step
deals with Problem 4 with r=1, I' ={0,...,m — 1}, pairwise distinct points x1,...,xp, and u; =
{,j)|i+ j<b} for all k; b is the multiplicity parameter and m — 1 is the list-size parameter. As
explained above, the shift s takes the form s = (0, w,2w, ..., (m — 1)w); here w + 1 is the message
length of the considered Reed-Solomon code and p is its block length.

We will see below, in the more general interpolation step of the soft-decoding, that |s| € O(o).
As a consequence, Proposition 2.1 states that this bivariate interpolation step can be performed us-
ing O(m®"M(c)log(c)log(c /m)) operations. To our knowledge, the best previously known cost
bound for this problem is O(m®~'M(c)log(c)?) and was obtained using a randomized algo-
rithm (Chowdhury et al., 2015, Corollary 14). In contrast, Algorithm 1 in this paper makes no
random choices. The algorithm in Chowdhury et al. (2015) uses fast structured linear algebra, fol-
lowing an approach studied in Olshevsky and Shokrollahi (1999), Roth and Ruckenstein (2000),
Zeh et al. (2011). Restricting to deterministic algorithms, the best previously known cost bound is
O(m®M(o /b)(log(m)? + log(c /b))) (Bernstein, 2011; Cohn and Heninger, 2015), where b < m is the
multiplicity parameter mentioned above. This is obtained by first building a known m x m interpo-
lation basis with entries of degree at most o /b, and then using fast deterministic reduction of poly-
nomial matrices (Gupta et al., 2012); other references on this approach include (Alekhnovich, 2002;
Lee and O’Sullivan, 2008; Beelen and Brander, 2010).

A previous divide-and-conquer algorithm can be found in Nielsen (2014). The recursion is on the
number of points p, and using fast multiplication of the bases obtained recursively, this algorithm
has cost bound O(m2ob) + O (m®o /b) (Nielsen, 2014, Proposition 3). In this reference, the bases
computed recursively are allowed to have size as large as ®(m2c /b), with b < m.

For a more detailed perspective of the previous work on this specific problem, the reader may for
instance refer to the cost comparisons in the introductive sections of Beelen and Brander (2010) and
Chowdhury et al. (2015).

2.6. Soft-decoding of Reed-Solomon codes

In Koétter and Vardy’s algorithm, the so-called soft-interpolation step (Kotter and Vardy, 2003a,
Section III) is Problem 4 with r=1, ' ={0,...,m — 1}, and s = (0, w, ..., (m — 1)w). The points
X1,...,Xp are not necessarily pairwise distinct, and to each x; for k€ {1, ..., p} is associated a multi-

plicity parameter b, and a corresponding support w, = {(i, j) | i + j < bg}. Then, o = ZKKP (bk;])
is called the cost (Kotter and Vardy, 2003a, Section III), since it corresponds to the number of linear
equations that one obtains in the straightforward linearization of the problem.

In this context, one chooses for m the smallest integer such that the number of linear un-
knowns in the linearized problem is more than o. This number of unknowns being directly linked
to |s|, this leads to |s| € O(o), which can be proven for example using (Kotter and Vardy, 2003a,
Lemma 1 and Equations (10) and (11)). Thus, our algorithm solves the soft-interpolation step us-
ing O(m®~M(0)log(o) log(c /m)) operations in KK, which is to our knowledge the best known cost
bound to solve this problem.

Iterative algorithms, now often referred to as Kotter’s algorithm in coding theory, were given
in Kotter (1996), Nielsen and Hegholdt (2000); one may also refer to the general presentation of
this solution in McEliece (2003, Section 7). These algorithms use O(mo?) operations in K (for the
considered input shifts which satisfy |s| € O(o)). We showed above how the soft-interpolation step
can be reduced to a specific instance of M-Padé approximation (Problem 2): likewise, one may re-
mark that the algorithms in Nielsen and Hegholdt (2000), McEliece (2003) are closely linked to those
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in Beckermann (1992), Van Barel and Bultheel (1992), Beckermann and Labahn (2000). In particular,
up to the interpretation of row vectors in K[X]™*™ as bivariate polynomials of degree less than m
in Y, they use the same recurrence. Our recursive Algorithm 2 is a fast divide-and-conquer version of
these algorithms.

An approach based on polynomial matrix reduction was developed in Alekhnovich (2002),
Alekhnovich (2005) and in Lee and O’Sullivan (2006). It consists first in building an interpolation
basis, that is, a basis B € K[X]™*™ of the K[X]-module Jj,, and then in reducing the basis for the
given shift s to obtain an s-minimal interpolation basis. The maximal degree in B is

5 Z max{b; | 1<i<pandx =x}
B #{1<i<p | xi=x}

1<k<p

one can check using b, <m for all k that

o — Z bk(bl<+1) Z b <

1<k<p 1<k<p

Using the fast deterministic reduction algorithm in Gupta et al. (2012), this approach has cost bound
Om®M(8)(log(m)? +log(8))); the cost bound of our algorithm is thus smaller by a factor O~ (ms/o).

In Zeh (2013, Section 5.1) the so-called key equations commonly used in the decoding of Reed-
Solomon codes were generalized to this soft-interpolation step. It was then showed in Chowdhury
et al. (2015) how one can efficiently compute a solution to these equations using fast struc-
tured linear algebra. In this approach, the set of points {(xk, yx),1 < k < p} is partitioned as
PrU---UPy, where in each Py, the points have pairwise distinct x-coordinates. We further write
b = max{b,< | 1<i<pand (x,yx) € Py} for each h,and =", 4, b™ . Then, the cost bound is

O((m+ B)*~M(o) log(a)z), with a probabilistic algorithm (Chowdhury et al., 2015, Section IV.C). We
note that 8 depends on the chosen partition of the points. The algorithm in this paper is deterministic
and has a better cost.

All the mentioned algorithms for the interpolation step of list- or soft-decoding of Reed-Solomon
codes, including the one presented in this paper, can be used in conjunction with the re-encoding
technique (Welch and Berlekamp, 1986; Kotter and Vardy, 2003b) for the decoding problem.

2.7. Applications of the multivariate case

The case r > 1 is used for example in the interpolation steps of the list-decoding of Parvaresh-
Vardy codes (Parvaresh and Vardy, 2005) and of folded Reed-Solomon codes (Guruswami and Rudra,
2008), as well as in Private Information Retrieval (Devet et al., 2012). In these contexts, one deals with
Problem 4 for some r > 1 with, in most cases, I' = {j € N" | |j| < a} where a is the list-size parame-
ter, and uy = {(i, j) e N x N | i+ |j| < b} where b is the multiplicity parameter. Then, m = (”“) and

o= (:f]’)p Besides, the weight (as mentioned in Subsection 2.4) is w= (w, ..., w) € N for a fixed

positive integer w; then, the corresponding input shift is s = (| j|w) jer.

To our knowledge, the best known cost has been obtained by a probabilistic algorithm which
uses O(m®~M(o)log(c)?) operations (Chowdhury et al., 2015, Theorem 1) to compute one so-
lution with some degree constraints related to s. However, this is not satisfactory for the ap-
plication to Private Information Retrieval, where one wants an s-minimal basis of solutions: us-
ing the polynomial matrix reduction approach mentioned in Subsections 2.5 and 2.6, such a ba-
sis can be computed in Om®M(bp)(log(m)? + log(bp))) operations (Busse, 2008; Brander, 2010;
Cohn and Heninger, 2012-2013) (we note that mbp > o). It is not clear to us what bound we have on
|s| in this context, and thus how our algorithm compares to these two results.

3. A divide-and-conquer algorithm
In this section, we assume that J € K°*° is a Jordan matrix given by means of a standard repre-

sentation as in (5), and we provide a description of our divide-and-conquer algorithm together with
a proof of the following refinement of our main result, Theorem 1.5.
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Proposition 3.1. Without loss of generality, assume that min(s) = 0; then, let & = |s|. Algorithm 1 solves
Problem 1 deterministically, and the sum of the s-row degrees of the computed s-minimal interpolation basis
is at most o + €. If 0 > m, a cost bound for this algorithm is given by

Om®~ 1 (M(0) + o log(m)) + m®M(o /m) log(c /m)? +mM(c ) log(o) log(c /m)
+mTIME) +mPM(E /m) log(& /m)) ifo>2,

O(mM(o)(log(m)? + log(o) log(c /m)) +m*M(c /m) log(c) log(c /m) log(m)
+mM(&) log(m)* + m*M(& /m) log(& /m) log(m)) ifo=2;

if o <m, itis given in Proposition 7.1.

This algorithm relies on some subroutines, for which cost estimates are given in the following
sections and are taken for granted here:

e in Section 4, the fast multiplication of two polynomial matrices with respect to the average row
degree of the operands and of the result;

e in Section 5, the change of shift: given an s-minimal interpolation basis P and some shift t, com-
pute an (s + t)-minimal interpolation basis;

e in Section 6, the fast computation of a product of the form P - E;

e in Section 7, the computation of an s-minimal interpolation basis using linear algebra, which is
used here for the base case of the recursion.

First, we focus on the divide-and-conquer subroutine given in Algorithm 2. In what follows, J
and J® always denote the leading and trailing principal o /2 x o /2 submatrices of J. These two
submatrices are still in Jordan canonical form, albeit not necessarily in standard representation; this
can however be restored by a single pass through the array.

Lemma 3.2. Algorithm 2 solves Problem 1 deterministically for the uniform shift s = 0, and the sum of the row
degrees of the computed 0-minimal interpolation basis is at most o. If o > m, a cost bound for this algorithm
is given by

(’)(m“”] (M(0) + o log(m)) +m®M(o /m) log(cf/m)2 + mM(o) log(o) log(o /m)) ifw>2,
O(mM(a)(log(m)? + log(c) log(a /m)) + m*M(c /m) log(c') log(a /m) log(m)) ifo=2;

if o <m, itis given in Proposition 7.1.

In the rest of this paper, we use convenient notation for the cost of polynomial matrix multipli-
cation and for related quantities that arise when working with submatrices of a given degree range
as well as in divide-and-conquer computations. Hereafter, log(-) always stands for the logarithm in
base 2.

Definition 3.3. Let m and d be two positive integers. Then, MM(m, d) is such that two matrices in
K[X]™™ of degree at most d can be multiplied using MM(m, d) operations in K. Then, writing m and
d for the smallest powers of 2 at least m and d, we also define

o MM'(m,d) = Y o< icogam 2 MM, 21d),
o MM (M, d) = Y < icrogam 2 MM (27, 21d),
o MM (m, d) = Yo <1og@ 2" MM, 277d),

o MM7(m,d) = Yo iciogam 2 MM (27, 2'd).

We note that one can always take MM(m, d) € O(m®M(d)). Upper bounds for the other quantities
are detailed in Appendix A.
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Algorithm 1 (INTERPOLATIONBASIS).
Input:

e a matrix E e K™,
e a Jordan matrix J € K?*? in standard representation,
e a shift s e N™.

Output: an s-minimal interpolation basis P € K[X]™*™ for (E,J).

1. If & < m, Return LINEARIZATIONINTERPOLATIONBASIS(E, J, s, 2/108(0)1)
2. Else

a. P < INTERPOLATIONBASISREC(], E)

b. Return SHIFT(P, 0, s)

Algorithm 2 (INTERPOLATIONBASISREC).
Input:

e a matrix E e K™*x7,
e a Jordan matrix J € K?*? in standard representation.

Output: a 0-minimal interpolation basis P € K[X]™*™ for (E, J).

1. If o < m, Return LINEARIZATIONINTERPOLATIONBASIS(E, J, 0, 2“0g<‘7ﬂ)

2. Else

. EW « first |0/2] columns of E

. P) < InTERPOLATIONBASISREC(E(D, JV)

E@ « last [0/2] columns of P(") . E = CompuTERESsIDUALS(J, PV E)
. P « INTERPOLATIONBASISREC(E®, @)

R® « suirT(P?, 0, rdeg (P(V))

. Return UNBALANCEDMULTIPLICATION(P(D | R®) | o)

-0 an T

Proof of Lemma 3.2. Concerning the base case o < m, the correctness and the cost bound both follow
from results that will be given in Section 7, in particular Proposition 7.1.

Let us now consider the case of 0 > m, and assume that P and P®, as computed by the re-
cursive calls, are 0-minimal interpolation bases for (E(V,JM) and (E®, J®), respectively. The input E
takes the form E = [EV| %] and we have PV .E=[0 [E®] as well as P® .E®? = 0. Besides, R® is
by construction unimodularly equivalent to P, so there exists U unimodular such that R® = UP®,
Defining P = R@ P our goal is to show that P is a minimal interpolation basis for (E, J).

First, since J is upper triangular we have P-E=R® [0 |[E®]=[0|UP@ .E®] =0, so that every
row of P is an interpolant for (E,J). Let us now consider an arbitrary interpolant p € K[X]'*™ for
(E,]). Then, p is in particular an interpolant for (E®,J): there exists some row vector V such that
p = VP, Furthermore, the equalities 0=p-E=VPD .E=[0|v-E®] show that v-E® = 0. Thus,
there exists some row vector w such that v=wP?@, which gives p = wP@ P = wU~!P. This means
that every interpolant for (E,]) is a K[X]-linear combination of the rows of P.

Then, it remains to check that P is 0-reduced. As a 0-minimal interpolation basis, P®) is 0-reduced
and has full rank. Then, the construction of R® using Algorithm SHIFT ensures that it is t-reduced,
where t = rdeg(P("). Define u = rdeg(P) = rdeg(R®PM); the predictable-degree property (Kailath,
1980, Theorem 6.3-13) implies that u = rdeg,(R‘®)). Using the identity X " P = X “R@X!X~"tPD), we
obtain that the 0-leading matrix of P is the product of the t-leading matrix of R and the 0-leading
matrix of PV, which are both invertible. Thus, the 0-leading matrix of P is invertible as well, and
therefore P is 0-reduced.

Thus, for any o, the algorithm correctly computes an s-minimal interpolation basis for (E,J). As
shown in Section 1, there is a direct link between M-Padé approximation and shifted minimal inter-
polation bases with a multiplication matrix in Jordan canonical form. Then, the result in Van Barel
and Bultheel (1992, Theorem 4.1) proves that for a given o, the determinant of a 0-minimal interpo-
lation basis P has degree at most o. Hence |rdeg(P)| = deg(det(P)) < o follows the fact that the sum
of the row degrees of a 0-reduced matrix equals the degree of its determinant.
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Let us finally prove the announced cost bound for o > m. Without loss of generality, we assume
that o /m is a power of 2. Each of Steps 2.b and 2.d calls the algorithm recursively on an instance of
Problem 1 with dimensions m and o /2.

e The leaves of the recursion are for m/2 < o <m and thus according to Proposition 7.1 each of
them uses O(m® log(m)) operations if @ > 2, and O(m? log(m)?) operations if w = 2. For ¢ >m
(with o/m a power of 2), the recursion leads to o /m leaves, which thus yield a total cost of
Om® 1o log(m)) operations if @ > 2, and O (mo log(m)?) operations if w = 2.

e According to Proposition 6.1, Step 2.c uses O(MM(m, o /m)log(o /m) + mM(o) log(o)) operations.
Using the super-linearity property of d — MM(m, d), we see that this contributes to the total cost
as O(MM(m, o /m) log(c /m)? + mM(o ) log(o) log(o /m)) operations.

o For Step 2.e, we use Proposition 5.2 with & = o, remarking that both the sum of the entries of
t = rdeg(PV) and that of rdeg(P®) are at most o /2. Then, the change of shift is performed
using O(MM'(m, o /m) + MM” (m, o /m)) operations. Thus, altogether the time spent in this step is
O(quiglog(q/m)?i(MM’(m,Z‘ia/m) + MM’/(m,Z‘ia/m))) operations; we give an upper bound
for this quantity in Lemma A.3.

e From Proposition 5.2 we obtain that rdeg,(R®) < |rdeg(P®))| + |t| < o. Then, using Proposi-
tion 4.1 with & = o, the polynomial matrix multiplication in Step 2.f can be done in time
O(MM' (m, o /m)). Besides, it is easily verified that by definition MM’ (m, o /m) < MM/ (m, o /m),
so that the cost for this step is dominated by the cost for the change of shift.

Adding these costs and using the bounds in Appendix A leads to the conclusion. O
We now prove our main result.

Proof of Proposition 3.1. The correctness of Algorithm 1 follows from the correctness of Algorithms 2,
4 and 9. Concerning the cost bound when o > m, Lemma 3.2 gives the number of operations used
by Step 2.a to produce P, which satisfies |[rdeg(P)| < o. Then, considering min(s) = 0 without loss
of generality, we have |rdeg(P)| + |s| < o + &: Proposition 5.2 states that Step 2.b can be performed
using O(MM’'(m, (o + &§)/m) + MM”(m, (o + £)/m)) operations. The cost bound then follows from the
bounds in Lemma A.2. Furthermore, from Proposition 5.2 we also know that the sum of the s-row
degrees of the output matrix is exactly |rdeg(P)| + |s|, which is itself at most 0 +&. O

4. Multiplying matrices with unbalanced row degrees

In this section, we give a detailed complexity analysis concerning the fast algorithm from Zhou et
al. (2012, Section 3.6) for the multiplication of matrices with controlled, yet possibly unbalanced, row
degrees. For completeness, we recall this algorithm below in Algorithm 3. It is a central building block
in our algorithm: it is used in the multiplication of interpolation bases (Step 2.f of Algorithm 2) and
also for the multiplication of nullspace bases that occur in the algorithm of Zhou et al. (2012), which
we use to perform the change of shift in Step 2.e of Algorithm 2.

In the rest of the paper, most polynomial matrices are interpolation bases and thus are square
and nonsingular. In contrast, in this section polynomial matrices may be rectangular and have zero
rows, since this may occur in nullspace basis computations (see Appendix B). Thus, we extend the
definitions of shift and row degree as follows. For a matrix A = [a; j]; ; in K[X]¥*™ for some k, and a
shift s =(s1,...,5m) € NU {—oo})™, the s-row degree of A is the tuple rdegs(A) = (d1,...,dy) € (NU
{—oohk, with d; = max;(deg(a; ;) + s;) for all i, and using the usual convention that deg(0) = —oo.
Besides, |s| denotes the sum of the non-negative entries of s, that is, |s| = ZKK,(YS#_OO Si.

In order to multiply matrices with unbalanced row degrees, we use in particular a technique based
on partial linearization, which can be seen as a simplified version of the one in Gupta et al. (2012,
Section 6) for the purpose of multiplication. For a matrix B with sum of row degrees &, meant to
be the left operand in a product BA for some A € K[X]™*™, this technique consists in expanding
the high-degree rows of B so as to obtain a matrix B with O(m) rows and degree at most £/m, then
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computing the product BA, and finally retrieving the actual product BA by grouping together the rows
that have been expanded (called partial compression in what follows).

More precisely, let B € K[X]¥*™ for some k and m, with rdeg(B) = (d1,...,d) and write & =
di + - +dk. We are given a target degree bound d. For each i, the row B; . of degree d; is expanded
into aj =14 [d;/(d+1)] rows B 0 «, ..., B(ia;—1),« Of degree at most d, related by the identity

Bi. =Bioy«+ X Biy.+--+ X(a’vfl)(dﬂ)ﬁ(i,ai—]),*- (9)

Then, the expanded matrix B has Z1<i<k o <k+E&/(d+ 1) rows ﬁ(,‘,j),*. We will mainly use this
technique for k <m and d = |&§/m] or d = [£/m], in which case B has fewer than 2m rows. The partial
compression is the computation of the row i of the product BA from the rows (i, 0), ..., (i, — 1) of
BA using the formula in (9).

Proposition 4.1. Let A and B in K[X]™*™, and d = rdeg(A). Let £ > m be an integer such that |d| < & and
[rdegq(B)| < &. Then, the product BA can be computed using

OMM' (m, & /m))
COom M) ifw>2
C O(mM(£) log(m)) ifw=2

operations in K.

Proof. In this proof, we use notation from Algorithm 3. The correctness of this algorithm follows from
the identity BA = BA = BpAg + B1A1 + - - - + B¢A,. In what follows we focus on proving the cost bound
O(MM’ (m, £ /m)); the announced upper bounds on this quantity follow from Lemma A.1.

We start with Step 6, which adds the m x m matrices P; = B;A; obtained after the first five
steps. For each i in {0,...,¢}, we have rdeg(P;) < rdeg(BA) < rdegq(B) componentwise, hence
[rdeg(P;)| < &. Recalling that ¢ = [log(m)], the sum at Step 6 thus uses O(mé&¢) = O(mé log(m)) ad-
ditions in K. On the other hand, by definition of MM'(-, -), the trivial lower bound MM(n, d) > nd for
any n,d implies that m& log(m) € O(MM'(m, & /m)).

Now we study the for loop. We remark that only Step 5.c involves arithmetic operations in K.
Therefore the main task is to give bounds on the dimensions and degrees of the matrices we multiply
at Step 5.c. For i in {0, ..., ¢}, the column dimension of A; is m and the row dimension of B? is k.
We further denote by m; the row dimension of A; (and column dimension of ﬁ?), and we write

[dzy, ... dzm] =[dol|---|d¢] where the sizes of do,...,d, correspond to those of the blocks of B
as in Step 4 of the algorithm.

First, let i = 0. Then, Ap is mg x m of degree at most £&/m and By is kg x mg with mg < m and
ko < m (we note that for i = 0 these may be equalities and thus one does not need to discard the
zero rows of By to obtain efficiency). Besides, we have the componentwise inequality rdeg(Bp) <
rdegg, (Bo) < rdegq(B), so that [rdeg(Bo)| < [rdegq(B)| < &. Then, Bg can be partially linearized into a
matrix ﬁg which has at most 2m rows and degree at most £ /m, and the computation at Step 5.c for
i =0 uses O(MM(m, £/m)) operations.

Now, let i € {1,...,£}. By assumption, the sum of the row degrees of A does not exceed &:
since all rows in A; have degree more than 2i~'¢/m, this implies that m; < m/2i~1. Besides, since
min(d;) > 21~1£/m, we obtain that every nonzero row of B; has d;-row degree more than 2i~1&/m.
Then, & > |rdegq(B)| > |rdegq, (B?)| > k;2i=1¢/m implies that k; < m/2i~1. Furthermore, since we
have |rdeg(Bl‘?’)| = |rdeg(B;)| < &, the partial linearization at Step 5.b can be done by at most dou-
bling the number of rows of B?, producing ﬁ” with fewer than 2m/2~! rows and of degree at
most 2i-1¢/m. To summarize: A; has m columns m; < m/2’ I rows, and degree at most 2 ig/m;
B” has fewer than 2m/2i~! rows, and degree less than 2{&/m. Then, the computation of P uses
O(Z‘MM(m/2’ T 2’§/m)) operations in K. Thus, overall the for loop uses O(MM’(m, & /m)) operations
inK. O
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Algorithm 3 (UNBALANCEDMULTIPLICATION).
Input:

o polynomial matrices A and B in K[X]™*™,
e an integer £ with & > m, |d| <&, and |rdegq(B)| < § where d =rdeg(A).

Output: the product P = BA.

1. m < a permutation of {1,...,m} such that (dx(),...,dxzm)) is non-decreasing
2. A< 7Aand B« Br™!
3. define ¢ = [log(m)] and the row blocks A = [AJIAT- - |A7]T,
where the rows in Ap have row degree at most £/m and for i =1,...,¢ the rows in A; have
row degree in (2I-1&/m+1, ..., ZiS/m}
4. define B = [Bo|B1]|---|B¢] the corresponding column blocks of B
5. For i from 0 to £:
a. Read rq, ..., 1, the indices of the nonzero rows in B;
and define B'f the submatrix of B; obtained by removing the zero rows
. B/ < partial linearization of B/ with deg(B) < 2i¢/m
ﬁ,ﬂ <« ﬁ?Ai
. Perform the partial compression P? <—§?
. Re-introduce the zero rows to obtain P;, which is B;A;
(its rows at indices rq, ...,y are those of P(i/’, its other rows are zero)
6. Retun P=Pg+P1+---+P¢

can o

5. Fast shifted reduction of a reduced matrix

In Algorithm 1, a key ingredient to achieve efficiency is to control the size of the intermediate
interpolation bases that are computed in recursive calls. For this, we compute all minimal bases for
the uniform shift and then recover the shifted minimal basis using what we call a change of shift, that
we detail in this section. More precisely, we are interested in the ability to transform an s-reduced
matrix P € K[X]™*™ with full rank into a unimodularly equivalent matrix that is (s + t)-reduced for
some given shift t € N™: this is the problem of polynomial lattice reduction for the shift s+t, knowing
that the input matrix is already reduced for the shift s.

Compared to a general row reduction algorithm such as the one in Gupta et al. (2012), our algo-
rithm achieves efficient computation with regards to the average row degree of the input P rather
than the maximum degree of the entries of P. The main consequence of having an s-reduced input
P is that no high-degree cancellation can occur when performing unimodular transformations on the
rows of P, which is formalized as the predictable-degree property (Kailath, 1980, Theorem 6.3-13).
In particular, the unimodular transformation between P and an (s + t)-reduced equivalent matrix has
small row degree, and the proposition below shows how to exploit this to solve our problem via
the computation of a shifted minimal (left) nullspace basis of some 2m x m polynomial matrix. We
remark that similar ideas about the use of minimal nullspace bases to compute reduced forms were
already in Beelen et al. (1988, Section 3).

Lemma5.1. Let s € N™ and t € N™, let P € K[X]™*™ be s-reduced and nonsingular, and define d = rdegg(P).
Then R € K[X]™*™ is an (s + t)-reduced form of P with unimodular transformation U =RP~! € K[X]™ ™ if
and only if [U|RX® ] is a (d, t)-minimal nullspace basis of [X*PT| — I;]".

Proof. We first assume that the result holds for the uniform shift s =0 e N™, and we show that the
general case s € N follows. Indeed, considering the 0-reduced matrix PX® we have d = rdeg(P) =
rdeg(PX®). Hence [U|R] is a (d,t)-minimal nullspace basis of [XSPT| — I;]7 if and only if R is a
t-reduced form of PX® with unimodular transformation U such that UPX® =R; that is, if and only
if RX™S € K[X]™™ is a (s + t)-reduced form of P with unimodular transformation U such that
UP =RX"S.
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Let us now prove the proposition for the uniform shift s = 0. First, we assume that R € K[X]™*™
is a t-reduced form of P with unimodular transformation U. From UP =R it follows that the rows
of [U|R] are in the nullspace of [PT| — I;,]T. Writing [N|*] with N € K[X]™*™ to denote an arbitrary
basis of that nullspace, we have [U|R] = V[N|x] for some V € K[X]™™ and thus U= VN. Since U
is unimodular, V is unimodular too and [U|R] is a basis of the nullspace of [PT| — I;,]". It remains
to check that [U|R] is (d, t)-reduced. Since P is reduced, we have rdegq (U) = rdeg(UP) = rdeg(R)
by the predictable-degree property (Kailath, 1980, Theorem 6.3-13) and, using t > 0, we obtain
rdegq (U) < rdeg; (R). Hence rdegq v, ([U[R]) = rdeg; (R) and, since R is t-reduced, this implies that
[UIR] is (d, t)-reduced.

Now, let [U|R] be a (d, t)-minimal nullspace basis of [PT| —I,;]7. First, we note that UAsatisﬁes
U=RP~. It remains to check that U is unimodular and that R is t-reduced. To do this, let R denote
an arbitrary t-reduced form of P and let U=RP~! be the associated unimodular transformation.
From the previous paragraph, we know that [ﬁlﬁ] is a basis of the nullspace of [PT| — I,]", and
since by definition [U|R] is also sucl)\ a basis, we have [U|R] = W[ﬁlﬁ] for some unimodular matrix
W e K[X]™™. In particular, U= WU is unimodular. Furthermore, the two unimodularly equivalent
matrices [U|R] and [U|R] are (d, t)-reduced, so that they share the same shifted row degree up to
permutation (see for instance Kailath, 1980, Lemma 6.3-14). Now, from the previous paragraph, we
know that rdeg(d,ﬁ([ﬁlﬁ]) =rdeg; (ﬁ), and similarly, having P reduced, UP =R, and t > 0 imply that
rdegq ) ([U|R]) = rdeg; (R). Thus rdeg, (R) and rdeg, (ﬁ) are equal up to permutation, and combining
this with the fact that R = WR where R is t-reduced and W is unimodular, we conclude that R is
t-reduced. O

This leads to Algorithm 4, and in particular such a change of shift can be computed efficiently
using the minimal nullspace basis algorithm of Zhou et al. (2012).

Algorithm 4 (SHIFT).
Input:

e a matrix P € K[X]™™ with full rank,
e two shifts s, t e N™ such that P is s-reduced.

Output: an (s + t)-reduced form of P.

1. d < rdegy(P)
2. [U|R] < MINIMALNULLSPACEBASIS([XSPT| — I;]7, (d, t))
3. Return RX™S

Proposition 5.2. Let s € N™ and t € N™, let P € K[X]™*™ have full rank and be s-reduced, and define d =
rdegs(P). We write & to denote a parameter such that & > m and |d| + |t| < &. Then, an (s + t)-reduced
form R € K[X]™™ of P and the corresponding unimodular transformation U = RP~! € K[X]™*™ can be
computed using

O(MM'(m, §/m) + MM”(m, & /m))
< Om®~'M(€) +m®M(E/m) log(§ /m)) ifo>2
C O(mM(€) log(m)* + m*M(€/m) log(€ /m) log(m))  ifw =2
operations in K. Besides, we have |rdegs (R)| = |d| + |t].
Proof. Write u = (d,t) and M = [X*PT| — I,;]7. According to Lemma 5.1, Algorithm 4 is correct: it
computes [U|R] a u-minimal nullspace basis of M, and returns RX™S which is an (s + t)-reduced
form of P. For a fast solution, the minimal nullspace basis can be computed using (Zhou et al., 2012,

Algorithm 1), which we have rewritten in Appendix B (Algorithm 10) along with a detailed cost
analysis.
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Here, we show that the requirements of this algorithm on its input are fulfilled in our context.
Concerning the input matrix, we note that M has more rows than columns, and M has full rank
since by assumption P has full rank. Now, considering the requirement on the input shift, first, each
element of the shift u bounds the corresponding row degree of M; and second, the rows of M can be
permuted before the nullspace computation so as to have u non-decreasing, and then the columns of
the obtained nullspace basis can be permuted back to the original order. In details, we first compute
v being the tuple u sorted in non-decreasing order together with the corresponding permutation
matrix 7 € K¥™*2" such that, when v and u are seen as column vectors in N*"*1, we have v=rmu.
Now that v is non-decreasing and bounds the corresponding row degree of wM, we compute N a
v-minimal nullspace basis of #M using Algorithm 10, then, Nz is a u-minimal nullspace basis of M.
Since by assumption |v| = |d|+ |t| < &, the announced cost bound follows directly from Proposition B.1
in Appendix B.

Finally, we prove the bound on the sum of the (s + t)-row degrees of R. Since P is s-reduced and
R is (s + t)-reduced, we have |d| = deg(det(PX®)) as well as |rdegs ((R)| = deg(det(RXS™*)) (Kailath,
1980, Section 6.3.2). Then, we have that |rdegs (R)| = deg(det(UPXS™t)) = deg(det(PX®)) + |t| =
|d| + |t|, which concludes the proof. O

6. Computing residuals

Let ¢ =K' and J € K°*? be as in the introduction; in particular, we suppose that J is a Jor-
dan matrix, given by a standard representation as in (5). Given E in €™ = K™*° and a matrix P in
K[X]™™ we show how to compute the product P-E € ¢™. We will often call the result residual, as
this is the role this vector plays in our main algorithm.

To give our complexity estimates, we will make two assumptions, namely that m < o and that the
sum of the row degrees of P is in O(o); they will both be satisfied when we apply the following
result.

Proposition 6.1. There exists an algorithm COMPUTERESIDUALS that computes the matrix P - E € €™, If
o > m and if the sum of the row degrees of P is O(o), this algorithm uses O(MM(m, o /m) log(c /m) +
mM(o) log(o)) operations in K.

Remark that when the sum of the row degrees of P is O(o), storing P requires O(mo) elements
in K, so that representing the input and output of this computation involves O(mo) field elements.
At best, one could thus hope for an algorithm of cost O(mo). Our result is close, as we get a cost of
O~ (m'38¢) with the best known value of w.

6.1. Preliminaries, Chinese remaindering, and related questions

The following lemma writes the output in a more precise manner. The proof is a straightforward
consequence of the discussion in Section 1 about writing the notion of interpolant in terms of M-Padé
approximation.

Lemma 6.2. Suppose that ] has the form ((x1,01), ..., (Xn, op)). Let P € K[X]™*™ and E € K™*°, and write
E = (Eq|---|E;] withE;j in K™ for 1 < j <n. For 1 < j <n, define the following matrices:

o Ej oy =Ej[1.X,..., X%i~1T e K[X]™*1 is the column vector with polynomial entries built from the
columns of Ej,

e Fj poly = P(X +x;) Ej poly mod X% € K[X]™*1,

o Fj=[Fjo,....Fjo1]l€ K™% is the matrix whose columns are the coefficients of F; poly of degrees
0,....,05—1.

Then,P-E=FwithF=[F{|---|F,] e K"*°,
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To give an idea of our algorithm’s behaviour, let us first consider the case where J is the upper
shift matrix Z as in (4), so there is only one Jordan block whose eigenvalue is 0. This corresponds to
having n =1 in the previous lemma, which thus says that we can turn the input E into a vector of m
polynomials of degree at most o, and that we simply have to left-multiply this vector by P. Suppose
furthermore that all entries in P have degree O(o /m) (this is the most natural situation ensuring
that the sum of its row degrees is O(o), as assumed in Proposition 6.1), so that we have to multiply
an m x m matrix with entries of degree O(o/m) by an m x 1 vector with entries of degree o. For
this, we use the partial linearization presented in Section 4: we expand the right-hand side into an
m x m polynomial matrix with entries of degree O(o /m), we multiply it by P, and we recombine the
entries of the result; this leads us to the cost O(MM(m, o /m)).

On the other side of the spectrum, we encountered the case of a diagonal matrix J, with diagonal
entries xq,...,Xs (so all oj’s are equal to 1); suppose furthermore that these entries are pairwise
distinct. In this case, if we let Eq,...,E; be the columns of E, Lemma 6.2 shows that the output
is the matrix whose columns are P(x1)Eq, ..., P(xs)E,. Evaluating P at all x;'s would be too costly,
as simply representing all the evaluations requires m2o field elements; instead, we interpolate a
column vector of m polynomials Eq,..., En of degree less than o from the respective rows of E,
do the same matrix-vector product as above, and evaluate the output at the x;'s; the total cost is
OMM(@m, o /m) + mM(o) log(o)).

Our main algorithm generalizes these two particular processes. We now state a few basic results
that will be needed for this kind of calculation, around problems related to polynomial modular
reduction and Chinese remaindering.

Lemma 6.3. The following cost estimates hold:

e Given p of degree d in K[ X], and x in K, one can compute p(X + x) in O(M(d) log(d)) operations in K.

e Given moduli q1, ..., qs in K[X], whose sum of degrees is e, and p of degree d + e, one can compute
p mod q1, ..., p mod qs using O(M(d) + M(e) log(e)) operations in K.

e Conversely, Chinese remaindering modulo polynomials with sum of degrees d can be done in
O(M(d) log(d)) operations in K.

Proof. For the first and third point, we refer the reader to (von zur Gathen and Gerhard, 2013,
Chapters 9 and 10). For the second point, we first compute q = qq---gs in time O(M(e)log(e)),
reduce p modulo q in time O(M(d + e)), and use the simultaneous modular reduction algorithm
of von zur Gathen and Gerhard (2013, Corollary 10.17), which takes time O(M(e) log(e)). Besides, we
have M(d + e) + M(e) log(e) € O(M(d) + M(e) log(e)), as can be seen by considering the cases d < e
andd>e. O

6.2. Main algorithm

For a Jordan matrix J € K*? given in standard representation, and for any x in K, we will denote
by rep(x,]) the number of pairs (x,s) appearing in that representation, counting repetitions (so that
D ek Iepx. ) =0).

For an integer k € {0, ..., [log(o)1}, we select from the representation of J all those pairs (x,s)
with s in {2¥, ..., 2k*1 — 1}, obtaining a set J¥). Since ] is in standard representation, we can compute
all J® by a single pass through the array J, and we can ensure for free that all J¥ themselves are
in standard representation. We decompose J%® further into two classes J%>™  where all pairs (x, s)
are such that rep(x, J®) is greater than m, and J% <™ which contains all other pairs. As above, this
decomposition can be done in linear time, and we can ensure for no extra cost that J&>m and j&-<m
are in standard representation. Explicitly, these sequences will be written as

Ue>m) _ (x00 (0 (IR0 k) o W) (k)
JET = (7 51050 (3 ,sl,rgk)),..‘,(xt(k),st(k)!l),...,(xﬁ,(),st(,(),r(ﬁ:))),
t
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with (r,.(k))i = (rep(xi(k),J("))),- non-increasing, and where for i in {1,...,t®}, rfk) >m and (sl(k})j is a

non-increasing sequence of elements in {2¥, ..., 2%t1 — 1}. The corresponding sets of columns in the
input matrix E and the output F will be written

(k,>m) _ gk,>m)
E = (E;} )Kx‘gt(’ﬂ,lg]’grf"’

and

(k,>m) __ p(k,>m) .
F = (F;j )1<igt(k>,1gj<r}">’

they will be treated using a direct application of Lemma 6.2. Similarly, we write

S = (& oD €0 ) 0l D € )

(o (SRR > ® )
! [ACE AON | T f””v/’,(k)
with (pi(k))i = (rep(&i(k),](")))i non-increasing, and where for i in {1,..., T®}, p,.(k) <m and (o,.(l}))j is
a non-increasing sequence of elements in {2¥, ..., 2k*1 —1}. The corresponding sets of columns in the

input matrix E and the output F will be written E®-<™ and F&<™: more precisely, they take the
form

k,<m) __ ek, <m)
E = (Ei,j )1<i<1<"),1<j<pi(k)

and

k,<m

pk.<m) _ (Fz(,j\ ))1§i<7:(k),1<j<pi(k),
and will be treated using a Chinese remaindering approach.

In the main loop, the index k will range from O to |log(c /m)]. After that stage, all entries (x,s) in
J that were not processed yet are such that s > o /m. In particular, if we call ] <™ the set of these
remaining entries, we deduce that this set has cardinality at most m; thus rep(x, J©<™) < m holds
for all x and we process these entries using the Chinese remaindering approach.

Algorithm COMPUTERESIDUALS constructs all these sets J&:>™ J&.<m)  and J(°o.<m) then extracts
the corresponding columns from E (this is the subroutine EXTRACTCOLUMNS), and processes these
subsets of columns, before merging all the results.

Algorithm 5 (COMPUTERESIDUALS).
Input:

e a Jordan matrix J in K2*¢ in standard representation,
e a matrix P € K[X]™*™,
e a matrix E € K™*7,

Output: the product P-E € K™*7,

1. For k from 0 to |log(o/m)]|
a JO — ((x,5) eJ| 2k < s < 2K
b. J(I<‘>m) < ((x,5) eJ(k) [ rep(x,j(k)) >m)
c. E&>m  ExTRACTCOLUMNS(E, J->™))
d. F&>™ < CoMPUTERESIDUALSBYSHIFTINGP(J&->™) P, Ek:>m))
e JhS™ o ((x,5) €] | rep(x. J¥) < m)
f. E&S™  ExtRACTCOLUMNS(E, J®-S™)
g. F&<M™  CoMPUTERESIDUALSBYCRT(J& <™ p, Ek-<m))
2. J(oo,ém) <~ ((x,5) €] o llog(a /m)|+1 <s)
3. E>S™ « EXTRACTCOLUMNS(E, J(°<M)
4. F°S™  CoMPUTERESIDUALSBYCRT(J(°% <™ p, E(<m))
5. Return MERGE((F“™)o<i< 1og(o /m)) » (F“S™)ok< togiorm) ), FS™)
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6.2.1. Computing the residual by shifting P
We start with the case of the sets J&>™ for which we follow a direct approach. Below, recall that
we write

(k,>m) __ 0, (&) (k) (k) (k) (k) (k) (k) (k)
] > ((Xl s 51 1) ey (Xl , l (k)) (Xt(k)’ t(k),l) o (X (k) > <’<),r(ﬁ:) )
t

®
with sf’? > (k) for any k, i, and j. For a fixed k, we compute P(’<> P(X +x§k)) mod X%i1, for i in

1,...,t0y, and do the corresponding matrix products. This is described in Algorithm 6; we give
below a bound on the total time spent in this algorithm, that is, for all k in {0, ..., |log(c/m)]}.
Before that, we give two lemmas: the first one will allow us to control the cost of the calculations in
this case; in the second one, we explain how to efficiently compute the polynomial matrices ng).

Lemma 6.4. The following bound holds:

Llog(o /m)] ¢®
Zr(k) * eo).

k=0
Proof. By construction, we have the estimate

llog(o/m)] ¢® 1

> Yyl <o

k= i=1 j=1

since this represents the total size of all blocks contained in the sequences J*>™ . Now, for fixed k
and i, the construction of J® implies that the inequality s(k) 255’? holds for all j. This shows that
we have

r}’“
(k) (k) (k)
rSiq < ZZSL It
j=1

and the conclusion follows by summing over all k and i. O

In the following lemma, we explain how to compute the polynomial matrices Pl(k)

manner, for i in {1,...,t%} and for all the values of k we need.

in an efficient

Lemma 6.5. Suppose that the sum of the row degrees of P is O(o). Then one can compute the matrices P;k)

forallkin {0, ..., |log(o/m)|}andiin {1, ..., t%} using O(mM(o) log(c)) operations in K.

(k)) i, l

Proof. We use the second item in Lemma 6.3 to first compute P mod (X — , for all k and i as

in the statement of the lemma. Here, the sum of the degrees is
(k)
§= Zsz 1

so we get a total cost of O(M(d) + M(S)log(S)) for an entry of P of degree d. Summing over all
entries, and using the fact that the sum of the row degrees of P is O(c), we obtain a total cost of

OMM(o) +m?*M(S) log(s)).
Now, because we consider here J*>™ we have ri(k) > m for all k and i. Hence, using the super-
linearity of M(-), the term m2M(S) log(S) admits the upper bound



294 C.-P. Jeannerod et al. / Journal of Symbolic Computation 83 (2017) 272-314

Algorithm 6 (COMPUTINGRESIDUALSBYSHIFTINGP).
Input:

o Jkom = (x®), (")) L0 Ir (m) L e® By L a® s® ) in standard repre-

tk) > ¢k 1 k) > t”‘) (k)
sentation,
e a matrix P € K[X]™<™,

(k) (k)
e a matrix E&>mM — [Egk,l>m)| |E(:<k)>r(nk)) le KmXZi«j Sij with Elgkj>m) K™ for all i, j.

Output: the product P- E®>m ¢ K™ Lij iy

k )
1 P ciciw < (P(X +x;) mod X*i1); i<
2. For i from 1 to t®

(k,>m) (k,>m) s®_q T
A (B poyrgjr® < iy L X, X,
(k,>m) (k >m) (k) (k,>m) (k,>m)
b. [F; ] Doyl |F r® po ly] < PLE; ol [E k),poly]

(k) (k >m) (k, >m)
c. For j from 1 to T F (coeff(F, ;i poly? Z))ngs}f(}

k, k.
3. Return [Fgf'ml \F((;TL)) 1

mMm Zr(k) ®© Y 10g(s),

which is in O(m M(o)log(o)) in view of Lemma 6.4.

Then we apply a variable shift to all these polynomials to replace X by X +xfk) Using the first
item in Lemma 6.3, for fixed k and i, the cost is O(m M(s(k)) log(s(k))) Hence, the total time is again
O(m2M(S) log(s)), so the same overall bound as above holds. O

Lemma 6.6. Algorithm 6 is correct. Given the polynomial matrices computed in Lemma 6.5, the total time
spent in this algorithm for all k in {0, ..., |log(o /m)]} is O(MM(m, o /m)) operations in K.

Proof. Correctness of the algorithm follows from Lemma 6.2, so we focus on the cost analysis.
Lemma 6.5 gives the cost of computing all polynomial matrices needed at Step 1. The only other
arithmetic operations are those done in the matrix products at Step 2.b: we multiply matrices of

respective sizes m x m and m x r(k) with entries of degree less than s(k) For given k and i, since
we have m < r( ). the cost is O(MM(m,s(k))r(k)/m) using the super-linearity of d — MM(m, d), this

is in O(MM(m, r(k) (k)/m)) Applying again Lemma 6.4, we deduce that the sum over all k and i is
O(MM(m, o/m)) o

6.2.2. Computing the residual by Chinese remaindering
The second case to consider is J% <™ Recall that for a given index k, we write this sequence as

k,<m) _ o) (k) (k) (k) ((IA(9) (k) (k)
JOS™ = (&, 07,0 &, Oy Ean T o G Ty g
T

with ,oaf,l) . ,01 <m for all i in {1,...,7®}. In this case, T® may be large so the previous

approach may lead us to compute too many matrices Pfk). Instead, for fixed k and j, we use Chinese
remaindering to transform the corresponding submatrices Efkigm) into a polynomial matrix Eﬁk’gm)
of small column dimension; this allows us to efficiently perform matrix multiplication by P on the

left, and we eventually get P- E(k <m) by computing the first coefficients in a Taylor expansion of this

product around every g}"’.
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To simplify the notation in the algorithm, we also suppose that for a fixed k, the points

s(k), o si’(% all appear the same number of times in J% <™ This is done by replacing ,o(k>, o pi’fz)
by their maximum ,o(‘) (simply written p® in the pseudo-code) and adding suitable blocks

(k)

éi(k) ;j setto zero.

(k)) with all new o

Algorithm 7 (COMPUTINGRESIDUALSBYCRT).
Input:

° J(k,gm) — ((51(10, O,](k) (S(R)’ (k) S(k) (k) E(k)

(k)
]p(k, 260> T, ] 00 O p(m)) in standard represen-

tation,
e a matrix P € K[X]™*™,

(k) (k)
o a matrix E&<m = [EJ5S™).. |E§’jk)<z?k)] e K™ Xii%] with EIF"f'") e K™%, for all i, j.

Output: the product P - E®<m ¢ K™M*Lij o

1. For j from 1 to p®

k< k< k ko ® 1
a. (EI(J Sired1<icew < ESIVILX =0 (x =) T, G
(k,<m) (k,<m) (k) o®
b. E; thified < CRT(E; ; Shifted) 1<i<o® > (X = &) 7 )1 gigeo)
(k, <m) (k, <m) (k, <m) (k, <m)
2. [Fl,shiftedl T |Fp(k>,shifted] P[El,shiftedl el pl"),shifted]
3. For j from 1 to p®

(k, <m) k, <m) k) o ¥
(Fz i shlfted)1<1<f(k) <~ (F] shifted mod (X — Ei ) )1Si§‘f“‘)

k< k< k<
RS (coeff(F S o (X + £5S™), 0)

(k, <m)
T o) ]

b. Fj o0<t=a

4. Return [F;S™)..|F

Lemma 6.7. Algorithm 7 is correct. If the sum of the row degrees of P is in O(o), the total time spent in this
algorithm for allk in {0, ..., [log(o /m)], oo} is

O(MM(m, o /m)log(o /m) + mM(o) log(o))

operations in K.

Proof. Proving correctness amounts to verifying that we compute the quantities described in
Lemma 6.2. Indeed, the formulas in the algorithm show that for all k,i, j, we have F&:S™ —

i,j,shifted
®
PEka shifteq MOd (X — S(k))”*ﬁf; the link with Lemma 6.2 is made by observing that Eflaz':gted =
(k <m) (k) (k,<m) (k <m) (k)
l]pOly(X 5 ) and Fz i, shifted — szoly(X E )-

In terms of complexity, the first item in Lemma 6.3 shows that for a given index k, Step 1.a can
be done in time

mZM( (k))log( (k)) ,

for a total cost of O(mM(o)log(o)). Step 1.b can be done in quasi-linear time as well: for each
k and j, we can compute each of the m entries of the polynomial vector Eﬁkéiggd by fast Chinese

remaindering (third item in Lemma 6.3), using

o ((s}") s (s3"))

operations in K, with 57‘) = oi('j.). Taking all rows into account, and summing over all indices k
and j, we obtain again a total cost of O(mM(o)log(o)).
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The next step to examine is the polynomial matrix product at Step 2. The matrix P has size m x m,
and the sum of its row degrees is by assumption O(o); using the partial linearization technique
presented in Section 4, we can replace P by a matrix of size O(m) x m with entries of degree at most

o/m.
For a fixed choice of k, the right-hand side has size m x p®, and its columns have respective
degrees less than S("),...,S(pl?k). We split each of its columns into new columns of degree at most

o /m, so that the jth column is split into O(1 + Sj.k)m/a) columns (the constant term 1 dominates
when S;.k) < o /m). Thus, the new right-hand side has Op® + (Sgk) 4+ 4+ Siﬂ))m/o) columns and

degree at most o /m.

Now, taking all k into account, we remark that the left-hand side remains the same; thus, we are
led to do one matrix product with degrees o /m, with left-hand side of size O(m) x m, and right-hand
side having column dimension at most

(k) (k)
(1) -+ 55 )m

(k
DR i s

ke(0,..., [log(o /m) | }U{oco}

Since all p(") are at most m, the first term sums up to O(mlog(o /m)); by construction, the second
one adds up to O(m). Hence, the matrix product we need can be done in time O(MM(m, o /m)log(c /
m)).

For a given k, F

F;’_‘;ﬁ?&fd have degree less than Sgk) +dq,..., Sﬁ,’f) + dp, respectively, where dq, ..., dp, are the degrees

of the rows of P. In particular, for a fixed k, the reductions at Step 3.a can be done in time

(k, <m) (k, <m)

1.shifted” ** *» F 500 shifted are vectors of size m. Furthermore, for each j the entries of

o (k)

O p®Mi + - +dm)) +m Yy M(S) log(s ()
j=1

using fast multiple reduction, by means of the second item in Lemma 6.3. Using our assumption
on P, and the fact that p® < m, we see that the first term is O(mM(c)), which adds up to
O(mM(o) log(o /m)) if we sum over k. The second term adds up to O(mM(o)log(o)), as was the
case for Step 1.b.

The same analysis is used for the shifts taking place at Step 3.b as for those in Step 1.a: for fixed
k and j, the cost is O(mM(Sj.")) log(5§k))), and we conclude as above. O

7. Minimal interpolation basis via linearization

In this section, we give an efficient algorithm based on linearization techniques to compute in-
terpolation bases for the case of an arbitrary matrix J and an arbitrary shift; in particular, we prove
Theorem 1.4.

In addition to being interesting on its own, the algorithm in this section allows us to handle
the base cases in the recursion of the divide-and-conquer algorithm presented in Section 3. For
that particular case, we have m/2 < o < m; the algorithm we give here solves this base case using
O(@m® log(m)) operations in K.

Proposition 7.1. Let ] e K°*?, E € K™"*?, s € N™, and let § € N be a bound on the degree of the minimal
polynomial of J. Then, Algorithm 9 solves Problem 1 deterministically, using

O(”(fm/o7 +1og(8))) ifw>2
O(02(Tm/o] + log(8)) log(c)) ifw=2
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operations in K; it returns the unique interpolation basis P for (E,J) which is in s-Popov form. Besides, the
maximal degree in P is at most § and the sum of the column degrees of P is at most o.

We remark that the degree of the minimal polynomial of J is at most o. In Algorithm 9, we
require that § be a power of 2 and thus we may have § > o; still we can always choose § < 20.
The proof is deferred until Subsection 7.4, where we also recall the definition of the shifted Popov
form (Beckermann et al., 2006).

To obtain this result, we rely on linear algebra tools via the use of the linearization in Beckermann
and Labahn (2000), where an interpolant is seen as a linear relation between the rows of a striped
Krylov matrix. The reader may also refer to (Kailath, 1980, §6.3 and §6.4) for a presentation of this
point of view. In Beckermann and Labahn (2000), it is assumed that J is upper triangular: this yields
recurrence relations (Beckermann and Labahn, 2000, Theorem 6.1), leading to an iterative algorithm
(Beckermann and Labahn, 2000, Algorithm FFFG) to compute an interpolation basis in shifted Popov
form in a fraction-free way.

Here, to obtain efficiency and deal with a general J, we proceed in two steps. First, we compute the
row rank profile of the striped Krylov matrix IC with an algorithm a la (Keller-Gehrig, 1985), which
uses at most log(8) steps and supports different orderings of the rows in K depending on the input
shift. Then, we use the resulting independent rows of X to compute the specific rows in the nullspace
of K which correspond to the interpolation basis in shifted Popov form.

We note that when o = O(1), the cost bound in Proposition 7.1 is linear in m, while the dense
representation of the output m x m polynomial matrix will use at least m? field elements. We will
see in Subsection 7.4 that when o < m, at least m — o columns of the basis in s-Popov form have
only one nonzero coefficient which is 1, and thus those columns can be described without involving
any arithmetic operation. Hence, the actual computation is restricted to an m x ¢ submatrix of the
output basis.

7.1. Linearization

Our goal is to explain how to transform the problem of finding interpolants into a problem of lin-
ear algebra over K. This will involve a straightforward linearization of the polynomials in the output
interpolation basis P, expanding them as a list of coefficients so that P is represented as a matrix
over K. Correspondingly, we show how from the input (E,J) one can build a matrix K over K which
is such that an interpolant for (E,J) corresponds to a vector in the left nullspace of K. Then, since
we will be looking for interpolants that have a small degree with respect to the column shifts given
by s, we describe a way to adapt these constructions so that they facilitate taking into account the
influence of s. This gives a first intuition of some properties of the linearization of an interpolant that
has small shifted degree: this will then be presented in details in Subsection 7.2.

Let us first describe the linearization of interpolants, which are seen as row vectors in K[X]'*™. In
what follows, we suppose that we know a bound § € N.¢ on the degree of the minimal polynomial
of J; one can always choose § = ¢. In Subsection 7.2, we will exhibit s-minimal interpolation bases
for (E,J) whose entries all have degree at most § (while in general such a basis may have degree up
to § + |s — min(s)|). Thus, in this Section 7, we focus on solutions to Problem 1 that have degree at
most §. Correspondingly, K[X]¢s denotes the set of polynomials in K[X] of degree at most 4.

Given P e K[X]’gsm for some n > 1, we write it as a polynomial of matrices: P=Py+P1 X +--- +
PsX? where each P; is a scalar matrix in K"™™; then the expansion of P (in degree §) is the ma-
trix EP) =[Py | Py | - - | Ps] € K**m@+1) The reciprocal operation is called compression (in degree §):
given a scalar matrix M € K™™C®+D we write it with blocks M = [Mp | M | --- | M;] where each M;
is in K™™, and then we define its compression as C(M) = Mg + M X +--- + Ms X% € ]K[X]”gam. These
definitions of £(P) and C(M) hold for any row dimension n; this n will always be clear from the
context.

Now, given some matrices E € K™*? and J € K°*?, our interpolation problem asks to find P
K[X]'g;m such that P-E =0. Writing P =Py + P1X + --- + Ps X%, we recall that P-E = PgE + P1EJ +
.-+ P;EJ°. Then, in accordance to the linearization of P, the input (E,]J) is expanded as follows:
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E
EJ
KE)=|" | ekt

EJ)°
This way, we have P-E = EP)K(E) for any polynomial matrix P € K[X]’ggm. In particular, a row

vector p € K[X]gsm is an interpolant for E if and only if £(p)/C(E) =0, that is, £(p) is in the (left)
nullspace of IC(E). Up to some permutation of the rows and different degree constraints, this so-called
striped-Krylov matrix K (E) was used in Beckermann and Labahn (2000) for the purpose of computing
interpolants.

Notation. For the rest of this Section 7, we will use the letter i for rows of K(E) and for columns
of £(P); the letter j for columns of /C(E); the letter d for the block of columns of £(P) which corre-
spond to coefficients of degree d in P, as well as for the corresponding block EJ¢ of rows of /C(E); the
letter ¢ for the columns of this degree d block in £(P) and for the rows of the block EJ¢ in /C(E).

Example 7.2 (Linearization). In this example, we have m = o = § = 3 and the base field is the finite
field with 97 elements; the input matrices are

27 49 29 010
E=|50 58 0 and Z=|0 0 1
77 10 29 00O

Then, we have

49 297
58 0
10 29
27 49
50 58
77 10
0 27
50
77
0
0
0 0]

K() =

1

N N

coococoococococoJdg8YN
cooo

It is easily checked that p; = (-1, —1,1) € K[X]™ is an interpolant for (E, Z), since E3 , = Eq , +E; .
Other interpolants are for example p, = (3X+ 13, X+ 57, 0) which has row degree 1, p3 =
(X2 +36X, 31X, 0) which has row degree 2, and ps = (X3, 0, 0) which has row degree 3. We have

EP) =[96961]0 00[000]|000]
EP2) =[13570]3 10[000]000]
EP3) =[ 0 00[36310[100]000]
EPs)=[ 0 00| 0 00[000]100]

Besides, one can check that the matrix

X2+36X 31X 0
P=| 3X+13 X+57 0],
96 9% 1

whose rows are (ps, p2, p1) is a reduced basis for the module J(E, Z) of Hermite-Padé approximants
of order 3 for f=(29X? 449X + 27, 58X + 50, 29X? + 10X +77). O
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Now, we need tools to interpret the s-minimality of an interpolation basis. In Example 7.2, we
see that p; has 0-row degree 0 and therefore appears in P; however p4 has 0-row degree 3 and
does not appear in P. On the other hand, considering s = (0, 3, 6), the s-row degree of p4 is 3, while
the one of p; is 6: when forming rows of a (0, 3, 6)-minimal interpolation basis, p4 is a better can-
didate than pi. We see through this example that the uniform shift s =0 leads to look in priority
for relations involving the first rows of the matrix /C(E); on the other hand, the shift s = (0, 3, 6)
leads to look for relations involving in priority the rows Eq ., E; Z, EL*ZZ, and E1,*Z3 in /C(E) before
considering the rows E; . and Es ..

Going back to the general case, we define a notion of priority of the row ¢ of EJ¢ in KC(E). Let
v e K1Xm@+D he any relation between the rows of C(E) involving this row, meaning that, writing
p=po+piX+---+psX® =C(v) for the corresponding interpolant, the coefficient in column c of
pg is nonzero. This implies that the s-row degree of p is at least s. + d. Since the s-row degree is
precisely what we want to minimize in order to obtain an s-minimal interpolation basis, the priority
of the rows of IC(E) can be measured by the function s defined by ¥s(c,d) = s. 4+ d. Then, when
computing relations between rows of /C(E), we should use in priority the rows with low ¥s(d, r) in
order to get interpolants with small s-row degree.

To take this into account, we extend the linearization framework by using a permutation of the
rows of IC(E) so that they appear in non-increasing order of their priority given by s. This way, an
interpolant with small s-row degree is always one whose expansion forms a relation between the first
rows of the permuted /C(E). To preserve properties such as P -E = £(P)K(E), we naturally permute
the columns of £(P) accordingly. If £ =[¥s(1,0),...,¥s(m,0), ¥s(1,1),...,¥s(m, 1), ..., ¥s(1,6),...,
Ws(m, 8)] in Z1*MG+D denotes the row vector indicating the priorities of the rows of C(E), then
we choose an m(8 + 1) x m(§ + 1) permutation matrix g such that the list £ is non-decreasing.
Then, the matrix ns—llC(E) is the matrix KC(E) with rows permuted so that they are arranged by
non-increasing priority, that is, by non-decreasing values of 1. Furthermore, the permutation g
induces a bijection ¢s which keeps track of the position changes when applying the permutation:
it associates to (c,d) the index ¢s(c,d) of the element vs(c,d) in the sorted list £ws. We now give
precise definitions.

Definition 7.3 (Priority). Let E € K™*? and J € K°*9, and let s € N™. The priority function s :
(1,...,m} x {0, ...,8} — Z is defined by ¥s(c,d) = s +d. Let £ = [5(1,0), ..., ¥s(m, 0), ¥s(1, 1), ...,
Ys(m, 1), ..., ¥s(1,8), ..., ¥s(m, 8)] be the sequence of priorities in Z'*™@+1D_ Then, we define 7s as
the unique permutation matrix in KmG+DxmG+1 3long with the corresponding indexing function

bs:{1,...,m}x{0,....,8) = {1,....,m(@ + 1)}

[¢s(1,0),...,¢s(m,0),...,¢s(1,8),...,¢s(m, )] =[1,2,...,m(@ + 1)] 7
which are such that

(i) £ms is non-decreasing;
(ii) whenever (c,d) # (¢, d’) are such that vs(c, d) = ¥s(c’,d’), we have ¢ # ¢’ and assuming without
loss of generality that ¢ < ¢/, then ¢s(c, d) < ¢s(c’, d').

Besides, we define Cg(E) = nsfllC(E) as well as the shifted expansion &(P) = £(P)wrs and the shifted
compression Cs(M) = C(Mrs).

In other words, 75 is the unique permutation which lexicographically sorts the sequence

[(Ws(]v 0)’ 1)1 RS ] (ws(mvo)vm)v LR (l//S(]s 6)1 ])7 AR ] (Ws(mva),m)]

A representation of ms can be computed using O(mélog(md)) integer comparisons, and a represen-
tation of ¢s can be computed using its definition in time linear in m(§ + 1). In the specific case of
the uniform shift s =0, we have ys(c,d) =d, s is the identity matrix, and ¢s(c, d) = c +md, and we
have the identities Ks(E) = IC(E), Cs(M) = C(M), E(P) = £(P). The main ideas of the rest of Section 7
can be understood focusing on this particular case.
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Example 7.4 (Input linearization, continued). In the context of Example 7.2, if we consider the shifts
s=(0, 3, 6) and t= (3, 0, 2), then we have

r27 49 297 r50 58 0
0 27 49 0 50 58
0 0 27 0 0 50
0 0 0 77 10 29
50 58 0 27 49 29
Ks(E) = g 500 gg and - [G(E) = 8 707 100
0 0 0 0 27 49
77 10 29 0 0 77
0 77 10 0 0 27
0 0 77 0 0 0
0o 0 0] 0 0 o0

Besides, one can check that the shifted expansions of the interpolants p{, p2, p3, and p4 with respect
to s and t are

E@P1) =[96 0 0096 0 00 1000 ]
S@1) =196 0019 0000000 ]
&MP2) =[133 00571000000 |
&@P2) =[57 100130030000 ]
&MP3) =[ 03610031000000 ]
&MP3) =[ 031000 00360100 ]
E&Ms) =[ 0 0010 0000000 ]
S&MPs) =[ 0 0000 00000017 O

7.2. Minimal linear relations and minimal interpolation bases

From the previous subsection, the intuition is that the minimality of interpolants can be read on
the corresponding linear relations between the rows of s(E), as the fact that they involve in priority
the first rows. Here, we support this intuition with rigorous statements, presenting a notion of min-
imality for linear relations between the rows of Ks(E), and showing that an s-minimal interpolation
basis for (E,]J) corresponds to a specific set of m such minimal relations.

First we show that, given a polynomial row vector and a degree shift, one can directly read the
pivot index (Mulders and Storjohann, 2003, Section 2) of the vector from its expansion. Extending the
definitions in Mulders and Storjohann (2003) to the shifted case, we define the s-pivot index, s-pivot
entry, and s-pivot degree of a nonzero row vector as follows.

Definition 7.5 (Pivot). Let p = [pc]c € K[X]'*™ be a nonzero row vector and let s € N™ be a degree
shift. The s-pivot index of p is the largest column index c € {1, ..., m} such that deg(p.) + s. is equal
to the s-row degree rdegg(p) of this row; then, p. and deg(p.) are called the s-pivot entry and the
s-pivot degree of p, respectively.

The following result will be useful for our purpose, since pivot indices can be used to easily iden-
tify some specific forms of reduced polynomial matrices.

Lemma 7.6. Let p = [p¢]c € K[X]ggm be a nonzero row vector. Then, i = ¢s(c, d) is the column index of the
rightmost nonzero coefficient in Es(p) if and only if p has s-pivot index c and s-pivot degree deg(p.) =d.

Proof. We distinguish three sets of entries of £ (p) with column index > i: the one at index i, the
ones that have a higher s, and the ones that have the same :
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o if the coefficient at index i = ¢s(c,d) in E(p) is nonzero then deg(p.) > d, and if deg(p.) =d
then the coefficient at index i = ¢s(c, d) in E(p) is nonzero;

o the coefficient at index ¢s(c’,d’) in Es(p) is zero for all (¢/,d’) such that ys(c’,d") > ¥s(c,d) if
and only if s + deg(pe) <sc+d forall 1<’ <m;

e assuming s + deg(p) < s¢ +d for all 1< ¢’ <m, the coefficient at index ¢s(c’,d") in E(p) is
zero for all (¢/,d’) such that ys(c’,d") = ¥s(c, d) with ¢s(c’,d") > i = ¢s(c, d) (by definition of g,
this implies ¢’ > ¢) if and only if we have s + deg(p.) < sc +d for all ¢’ > c;

these three points prove the equivalence. O

We have seen that an interpolant for (E,]) corresponds to a linear relation between the rows
of ICs(E). From this perspective, the preceding result implies that an interpolant with s-pivot index c
and s-pivot degree d corresponds to a linear relation which expresses the row at index ¢s(c,d) in
Ks(E) as a linear combination of the rows at indices smaller than ¢s(c, d). Now, we give a precise
correspondence between minimal interpolation bases and sets of linear relations which involve in
priority the first rows of /Cs(E).

Example 7.7 (Minimal relations). Let us consider the context of Example 7.2 with the uniform shift. As
mentioned above, the matrix P whose rows are (ps3, p2, P1) is a minimal interpolation basis. The pivot
indices of ps3, p2, p1 are 1, 2, 3, and their pivot degrees are 2, 1, 0. Besides, we remark that

o the relation £(p1) involves the row ¢ =3 of E and the rows above this one in IC(E);

e £(p2) involves the row ¢ =2 of EZ and the rows above this one in KC(E), and there is no linear
relation involving the row ¢ =2 of E and the rows above it in IC(E);

e £(p3) involves the row ¢ =1 of EZ? and the rows above it in /C(E): one can check that there is
no linear relation between the row ¢ =1 of EZ and the rows above it in /IC(E). O

This example suggests that we can give a link between the minimal row degree of a minimal
interpolation basis and some minimal exponent 8. such that the row c of the block EJ’ is a linear
combination on the rows above it in C(E). Extending this to the case of any shift s leads us to the
following definition, which is reminiscent of the so-called minimal indices (or Kronecker indices) for
0-minimal nullspace bases (Kailath, 1980, Section 6.5.4).

Definition 7.8 (Minimal degree). Let J € K°*° and E € K™*?, and let s € N". The s-minimal degree of
(E,)) is the tuple (61, ...,8m) where for each c € {1,...,m}, 6. € N is the smallest exponent such that
the row EJ‘SCC.* = Ks(E)gq(c,s.), 1S a linear combination of the rows in {ICs(E); ., 1 < ¢s(c, 8c)}.

We note that we have &, < § for every c, since the minimal polynomial of the matrix J € K°*? is
of degree at most §. We now state in Lemma 7.9 and Corollary 7.11 that the minimal degree of (E,J)
indeed corresponds to a notion of minimality of interpolants and interpolation bases. Until the end of
this Subsection 7.2, we fix a matrix E € K™*? and a matrix J € K?*°,

1xm

Lemma 7.9. Let p = [p1,..., Pm] € ]K[X]@ ,seN" and cin {1,...,m}. If p is an interpolant for (E,])

with s-pivot index c, then p has s-pivot degree deg(p.) > &. Besides, there is an interpolant p € K[X]g:gm for
(E, J) which has s-pivot index c and s-pivot degree deg(p.) = 4.

Proof. First, assume p is an interpolant with s-pivot index c, and let d = deg(p.) be the degree of
the s-pivot entry of p. According to Lemma 7.6, the rightmost nonzero element of &(p) is at index
¢s(c,d), and since p is an interpolant for (E,J) we have E(P)Ks(E) = 0. This implies that the row
¢s(c,d) of ICs(E) is a linear combination of the rows in {[Cs(E); ., 1 < ¢s(c, d)}, which in turn implies
d > 8. by definition of §.. Now, the definition of §. also ensures that the row ¢s(c, 8:) of Ks(E) is a
linear combination of the rows {/Cs(E); ., i < ¢s(c,d¢)}. This linear combination forms a vector v in
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the nullspace of /Cg(E) with its rightmost nonzero element at index ¢s(c, 8.); then by Lemma 7.6,
p = Cs(v) is an interpolant with s-pivot index ¢ and s-pivot degree .. Besides, p has degree at most
§ by construction. O

Now, we want to extend these considerations on row vectors and interpolants to matrices and
interpolation bases. In connection with the notion of pivot of a row, there is a specific form of re-
duced matrices called the weak Popov form (Mulders and Storjohann, 2003), for which we extend the
definition to any shift s as follows.

Definition 7.10 (weak Popov form, pivot degree). Let P in K[X]™*™ have full rank, and let s in N™, Then,
P is said to be in s-weak Popov form if the s-pivot indices of its rows are pairwise distinct. Furthermore,
the s-pivot degree of P is the tuple (d1,...,dy) € N™ where for c € {1,...,m}, d. is the s-pivot degree
of the row of P which has s-pivot index c.

A matrix P in s-weak Popov form is in particular s-reduced. Then, Lemma 7.9 leads to the following
result; we remark that even though the matrix P in this corollary is s-reduced and each of its rows is
an interpolant, we do not yet claim that it is an interpolation basis.

Corollary 7.11. There is a matrix P € K[X]’zgm in s-weak Popov form, with s-pivot entries on the diagonal
and s-pivot degree (31, ..., 8m), such that every row of P is an interpolant for (E, J).

Proof. For every c in {1, ..., m}, Lemma 7.9 shows that there is an interpolant p. for (E,]) which has
degree at most §, has s-pivot index c, and has s-pivot degree §.. Then, considering the matrix P in
K[X]™*™ whose row c is p. gives the conclusion. O

We conclude this section by proving that the s-minimal degree of (E,]J) is directly linked to the
s-row degree of a minimal interpolation basis, which proves in particular that the matrix P in Corol-
lary 7.11 is an s-minimal interpolation basis for (E,J).

Lemma 7.12. Let A € K[X]™*™ be s-reduced such that each row of A is an interpolant for (E, J). Then, A is
an interpolation basis for (E,]) if and only if the s-row degree rdegs(A) of Ais (S1 + 81, ...,Sm + &m) up
to a permutation of the rows of A. In particular, if P is a matrix as in Corollary 7.11, then P is an s-minimal
interpolation basis for (E, J).

Proof. We denote P € ]K[X]'zgm a matrix as in Corollary 7.11; P is in particular s-reduced and has
s-row degree exactly (s; +81,...,5m + dm).

First, we assume that A is an interpolation basis for (E,J). Remarking that a matrix B is in s-weak
Popov form if and only if BX® is in weak Popov form, we know from Mulders and Storjohann (2003,
Section 2) that A is left-unimodularly equivalent to a matrix B in s-weak Popov form. Besides, up to
a permutation of the rows of B, we assume without loss of generality that the pivot entries B are on
the diagonal. Then, denoting its s-pivot degree by (dq, ..., dn), the s-row degree of B is (s; +dq, ...,
Sm+dm). Since A and B are s-reduced and unimodularly equivalent, they have the same s-row degree
up to a permutation (Kailath, 1980, Lemma 6.3-14): thus it is enough to prove that (dq,...,dn) =
(81,...,8m). By Lemma 7.9 applied to each row of B, dq,...,dp are at least 1, ..., 8m, respectively.
On the other hand, since B is an interpolation basis, there is a nonsingular matrix U € K[X]™*™ such
that P =UB. Since P is s-reduced with the s-row degree (s1 +461,...,Sm +dm), we have deg(det(P)) =
[rdegs(P)| — |s| =81+ - - +8m (Zhou, 2012, Lemma 2.10). Similarly, we have deg(det(B)) = |rdegg(B)| —
|s| =d1 +-- - +dp. Considering the determinantal degree in the identity P = UB yields §; +---+ 8, >
dq + - -+ +dp, from which we conclude d. =6 for all 1 <c<<m.

Now, we note that this also implies that the determinant of U is constant, thus U is unimodular
and consequently P is an interpolation basis: since P is s-reduced by construction, it is an s-minimal
interpolation basis.
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Finally, we assume that A has s-row degree (s + 81,...,Sm + ém) Up to a permutation. Since P
is an interpolation basis, there is a nonsingular matrix U € K[X]™*™ such that A = UP. Since A is
s-reduced, we have deg(det(A)) = |rdegs(A)| — |s| = &1 + - - - + 8m- Then, considering the determinantal
degree in the identity A = UP shows that the determinant of U is a nonzero constant, that is, U is
unimodular. Thus, A is an interpolation basis. O

Remark 7.13. As can be observed in the definition of the s-minimal degree and in the proof of
Lemma 7.9, one can use Gaussian elimination on the rows of Ks(E) to build each row of the s-minimal
interpolation basis P. This gives a method for solving Problem 1 using linear algebra. Then, the main
goal in the rest of this section is to show how to perform the computation of P efficiently. O

7.3. Row rank profile and minimal degree

The reader may have noted that /Cs(E) has mo (§ + 1) coefficients in K, and in general mo§ may
be beyond our target cost bound given in Proposition 7.1. Here, we show that one can focus on a
small subset of the rows of Is(E) which contains enough information to compute linear relations
leading to a matrix P as in Corollary 7.11. Then, we present a fast algorithm to compute this subset
of rows. We also use these results to bound the average s-row degree of any s-minimal interpolation
basis.

To begin with, we give some helpful structure properties of /Cs(E), which will be central in choos-
ing the subset of rows and in the designing a fast algorithm which computes independent rows in
Ks(E) without having to consider the whole matrix.

Lemma 7.14 (Structure of KCs(E)). Let ] € K®*° and E € K™*?, and let s € N™. Let ¢s, s be as in Defini-
tion 7.3.

e Foreach c, d — ¢s(c,d) is strictly increasing.

e If (c,d) and (c’,d") are such that ¢s(c,d) < ¢s(c’,d"), then for any k < min(§ — d, § — d") we have
ds(c,d +k) < ps(c’,d +Kk).

e Suppose that for some i € {1,...,m(8 + 1)}, the row at index i in ICs(E) is a linear combination of the
rows of Ks(E) with indices in {1, ...,i — 1}. Then, writing i = ¢s(c, d), for every d’ € {0, ...,8 —d} the
row at index i’ = ¢s(c,d + d') in Ks(E) is a linear combination of the rows of KCs(E) with indices in
(1,...,i' = 1}.

Proof. The first item is clear since vs(c, d) = s. +d. For the second item, we consider two cases. First,
if Y¥s(c,d) < ¥s(c’,d"), this means s. +d < s + d’ from which we obviously obtain ¥s(c,d + k) <
¥s(c’,d’ + k), and in particular ¢s(c,d + k) < ¢s(c’,d’ + k). Second, if ¥s(c,d) = ¥s(c’,d’), we must
have ¢ < ¢’ by choice of ¢s, and then we also have s(c,d + k) = ¥s(c’,d’ + k) with ¢ < ¢’ which
implies that ¢s(c,d +k) < ¢s(c’, d" + k).

The third item is a direct rewriting in the linearization framework of the following property. Let
pe K[X]gm be an interpolant for (E,J) with s-pivot index ¢ and s-row degree d, and consider d’ <

8§ — d; then the row vector Xd/p. with entries of degree more than § taken modulo the minimal
polynomial of J, is an interpolant for (E,J) with s-pivot index ¢ and s-row degree d +d’. O

We remark that, when choosing a subset of r = rank(/Ks(E)) linearly independent rows in /Cs(E),
all other rows in the matrix are linear combinations of those. Because our goal is to find relations
which involve in priority the first rows of Ks(E), we are specifically interested in the first r indepen-
dent rows in /Cs(E). More precisely, we focus on the row rank profile (i1, ...,i;) of ICs(E), that is, the
lexicographically smallest tuple with entries in {1,...,m(8 + 1)} such that the submatrix of Ks(E)
formed by the rows with indices in {iy, ..., i} has rank r = rank(/Cs(E)). Then, for each c the row
Ej‘sfc,* = Ks(E)gs(c,50), IS a linear combination of the rows in {Ks(E);, ., 1 <k <r}. We now show
that this row rank profile is directly related to the s-minimal degree of (E,J).
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Lemma 7.15. Let ] € K°*? and E € K™*?, lets € N™, and let (i1, ..., i) be the row rank profile of Ks(E). For
ke{1,...,r}, wewrite i, = ¢s(ck, di) for some (unique) 1 < c, <mand 0 <d, <38.Givenc e {1,...,mj},

e forall 0 <d < é; we have ¢s(c,d) € {i,...,ir},
e S =0ifandonlyifcy#cforallke{1,...,1},
e ifc > 0wehave § =1+ max{dy | 1 <k <randcy=c}.

Proof. Let us fix c € {1,...,m}. We recall that & is the smallest exponent such that the row EJ% =
KCs(E) g (c,s0), 18 a linear combination of the rows in {KCs(E); ., i < ¢s(c, 8c)}.

First, we assume that 6 > 0 and we let d < §.. By definition of &, the row at index ¢s(c,d) in
KCs(E) is linearly independent from the rows with smaller indices. Thus, by minimality of the row
rank profile, ¢s(c,d) € {i1, ..., i;}.

In particular, choosing d = 0, we obtain that ¢s(c, 0) € {i1, ..., i}, or in other words, there is some
ke{1,...,r} such that (c,0) = (ck, di). This proves that if §c > 0, then ¢, =c for some k € {1,...,r}.
Now, we assume that 6. = 0 and we show that ¢ # ¢ for all k € {1,...,r}. The definition of

8¢ =0 and the third item in Lemma 7.14 together prove that for every d € {0, ..., 8}, the row ECY*]d
which is at index ¢s(c,d) in Ks(E) is a linear combination of the rows with smaller indices. Then, by
minimality of the row rank profile, ¢s(c,d) ¢ {i1,...,i;} for all d € {0, ..., 8}, and thus in particular
(c,dy) # (ck, dy) forall ke {1,...,1}.

Finally, we assume that 6 > 0 and we show that §; =1+ max{dy | 1 <k <r and ¢, = c}. Using
the first item with d = 8. — 1, there exists k € {1,...,r} such that (c;,d;) = (¢,8c — 1). As in the
previous paragraph, the definition of &, the third item in Lemma 7.14, and the minimality of the row
rank profile imply that ¢s(c, d) ¢ {i1,...,i;} for all d € {5, ..., 8}; in particular, (c, di) # (ck, dy) for all
ke{1,...,r} such that di > dj. Thus, we have di = max{dy | 1 <k<rand ¢y =c}. O

Example 7.16 (Minimal degree and row rank profile). In the context of Examples 7.2 and 7.4,

o for the uniform shift, the row rank profile of /Co(E) is (0, 1, 3) with 0 = ¢¢(0,0), 1 = ¢o(1, 0), and
3 =¢p(0, 1): then, the 0-minimal degree of (E,Z) is (2,1, 0);

o for the shift s = (0, 3, 6), the row rank profile of [C(E) is (0, 1,2) with 0 = ¢s(0,0), 1= ¢s(0, 1),
and 2 = ¢s(0, 2): the s-minimal degree of (E,Z) is (3,0, 0);

o for the shift t = (3,0, 2), the row rank profile of C¢(E) is (0, 1,2) with 0= ¢¢(1,0), 1 =¢¢(1,1),
and 2 = ¢¢(1, 2): the t-minimal degree of (E,Z) is (0,3,0). O

In particular, the previous lemma implies a bound on the s-minimal degree of (E,J). Since the
minimal polynomial of the matrix J € K?*¢ is of degree at most §, we have §; <3 <o for 1 <c<m:
we actually have the following stronger identity, which shows that the sum of 81, ..., 8y is at most o.

Lemma 717. Let ] € K°*% and E € K™*?, and let s ¢ N™, Let (81, ..., ;) be the s-minimal degree of (E, J).
Then, §1 + - - - 4+ &m = rank(Ks(E)).

Proof. From Lemma 7.15, we see that one can partition the set {i1, ..., i} as the disjoint union of the
sets {¢s(c,d),0 < d < §.} for each ¢ with 8. > 0. This union has cardinality §; + --- + 8, and the set
{i1,...,1r} has cardinality r = rank(X’s(E)). O

Remark 7.18. Combining this with Lemma 7.12, one can directly deduce the following bound on the
average row degree of minimal interpolation bases:

Let ] € K°*9 and E € K™, and let s € N™. Then, for any s-minimal interpolation basis P for (E,J), the
sum of the s-row degrees of P satisfies [rdegs(P)| < o + |s|.

This bound has already been given before by Beckermann and Labahn (2000, Theorem 7.3.(b)), and
also in the context of M-Padé approximation (Van Barel and Bultheel, 1992, Theorem 4.1), which in-
cludes order basis computation. This result is central regarding the cost of algorithms which compute
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shifted minimal interpolation bases since it gives a bound on the size of the output matrix. In partic-
ular it is a keystone for the efficiency of our divide-and-conquer algorithm in Section 3, where it gives
a bound on the average row degree of all intermediate bases and thus allows fast computation of the
product of bases (Section 4), of the change of shift (Section 5), and of the residuals (Section 6). O

Now, we show how to compute the row rank profile of /Cs(E) efficiently. In the style of the al-
gorithm of Keller-Gehrig (1985, p. 313), our algorithm processes submatrices of /Cs(E) containing all
rows up to some degree, doubling this degree at each iteration. The structure property in Lemma 7.14
allows us to always consider at most 2r rows of /s(E), discarding most rows with indices not in
{i1, ..., i} without computing them. (There is one exception at the beginning, where the m rows of
E are considered, with possibly m much larger than r.) This algorithm also returns the submatrix
formed by the rows corresponding to the row rank profile, as well as the column rank profile of this
submatrix, since they will both be useful later in Subsection 7.4.

Proposition 7.19. Algorithm 8 is correct and uses O(c®([m/o] + log(8))) operations in K if w > 2, and
O@0%([m/o] + log(8)) log(c)) operations if w = 2.

Proof. The algorithm takes as input § a power of 2: one can always ensure this by taking the next
power of 2 without impacting the cost bound. After Steps 2, 3, and 4, (i1, ...,ir) correspond to the
indices in Kg(E) of the row rank profile of E, and M is the submatrix of /Cs(E) formed by the rows
with indices in {i,...,i;}. Relying on the algorithm of Storjohann (2000, Section 2.2), Step 2 can
be performed using O(mo (min(m, o)“~2 + log(min(m, ¢))) operations, and Step 6 can be computed
using O(ro (r®2 + log(r))) operations (where the logarithmic terms account for the possibility that
w = 2). The loop performs log(3) iterations. In each iteration ¢, since the matrix M has ¢ columns and
has at most 2r rows with r < o, one can compute the square Jzt and the product szt using O(c®)
operations, and the row rank profile of M using O(ro (2 + log(r))) operations (Storjohann, 2000,
Section 2.2). Thus, overall, the for loop uses O(c® log(8)) operations if @ > 2, and O(c2 log(8) log(c))
operations if w = 2. Adding these costs leads to the announced bound.

Let us now prove the correctness of the algorithm. For each ¢ € {0,...,log(8)} let Z, =
{ds(c,d),1<c<m,0<d< 23} denote the set of indices of rows of Is(E) which correspond to
degrees less than 2¢, and let K, be the submatrix of /Cs(E) formed by the rows with indices in Z,
that is, the submatrix K; of Cs(E) which is a row permutation of the matrix

E
EJ

e K(zhl)mxa;

EJZK -1

for ease of presentation, we continue to index the rows of K, with Z,. Now, suppose that at the
beginning of the iteration ¢ of the loop, (i1, ..., i;) is the row rank profile of K;, and M is the subma-
trix of /Cs(E) formed by the rows with indices in {ii,...,i;}. Then, we claim that at the end of this
iteration, (Km,, ..., Kkm,) is the row rank profile of K¢, 1; it is then obvious that the updated matrix M,
after Step 5.g, is the corresponding submatrix of Ks(E).

First, the indices (i;41,...,i2r) computed at Step b are in Z,,1 — Z,;, which is the set of indices
of the rows of ngzl in the matrix /Cs(E) (or in the matrix Kyy1 since we chose to keep the same
indexing). From Lemma 7.14, we know that if two indices i = ¢s(c, d) < i’ = ¢s(c’,d") are in Z;, then
we also have ¢s(c,d + 2¢) < ¢s(c’,d’ +2Y) in Ty41 — Zy. This means that K;J* is not only formed
by the rows of Ky with indices in Z;11 — Z;: it is actually the submatrix of K, formed by these
rows, keeping the same row order.

In particular, for a given k € Z,, if the row k of K, is a linear combination of the rows of this
matrix with smaller indices, then the same property holds in the matrix K;+1; and similarly if the
row k € Zy41 —Zy of I(gjzi' is a linear combination of the rows of this matrix with smaller indices,
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then the same holds in K;4+1. Another consequence is that the sequence (i;t1,...,i-) defined in
Step 5.b is strictly increasing, as stated in Step 5.c; besides, it does not share any common element
with (i1, ..., i), so that their merge (ki, ..., k) in Step 5.c is unique and strictly increasing.

Now, since the row rank profile of I(g_lZé is a subsequence of the row rank profile of K, the
row rank profile of the submatrix of Kyy; formed by the rows in Z,11 — Z; is a subsequence of
(ir41s--.,izr). Thus, if k is an index in Zy4+1 — {kq, ..., kar}, then the row k of K, is a linear combi-
nation of the rows with smaller indices, and thus k will not appear in the row rank profile of K;11.
Thus, the row rank profile of K1, that is, of the submatrix of /Cs(E) formed by the rows in Z;1, is
a subsequence of (kq, ..., kar). This justifies that in Steps 5.e and 5.f one may only focus on the rows
with indices in {k1, ..., kar}. The conclusion follows. O

Algorithm 8 (KRYLOVRANKPROFILE).
Input:

matrix E e K™"*7,

matrix J € K79,

shift s e N™,
a bound § on the degree of the minimal polynomial of E, with § a power of 2 in {1,...,20 —1}.

Output:

e the row rank profile (i, ...,i;) of Ks(E),
the submatrix Ps(E) of Ks(E) formed by the rows with indices in {iy, ..., i},
the column rank profile (j1, ..., jr) of Ps(E).

. compute ¢ as in Definition 7.3

r,(c1,...,Cr) < ROWRANKPROFILE(E)

. (i1, ..., 1) < (¢s(c1,0), ..., ¢s(cr, 0)

M <« submatrix of Ks(E) with rows of indices in {i1, ..., i}

. For ¢ from 0 to log(d),

L (1, d) <@g (), ., (G dr) < ¢ ()

i < gs(c1,dr +2), L. dar < ps(cr,dr +29)

. (k1,...,kyr) < merge the increasing sequences (i1, ..., ir) and (ir41,...,12r)

. compute szl € K", the rows at indices iri1, ..., iy in Ks(E)

. M < the submatrix of /Cs(E) formed by the rows in M and szy; that is, the rows of I s(E) with
indices in {kq, ..., Kk}

f. 1, (m,...,my) < ROWRANKPROFILE(M)

g. M « the submatrix of M formed by rows with indices in {mq,...,my}

hor Gy, ... 0) <1, (kmys oo ki)

(

R

b W=

o anoT e

j1, ..., jr) < COLRANKPROFILE(M)

6.
7. Return (i1, ...,ir), M, and (jq,..., jr).

7.4. Computing minimal interpolation bases via linearization

As noted in Remark 7.13, an s-minimal interpolation basis for (E,]) can be retrieved from linear
relations which express the rows of I s(E) of indices {¢s(1, 81), ..., ¢s(m, 8n)} as combinations of the
rows with smaller indices. Concerning the latter rows, one can for example restrict to those given
by the row rank profile (iy,...,ir): thus, one can build an interpolation basis by considering only
r+m< o +m rows in Ks(E). In many useful cases, o + m is significantly smaller than the total
number of rows m(§ + 1) in the matrix.

Definition 7.20. Let ] ¢ K°*? and E € K™*?, and let s € N™, Then Ps(E) € K"'*? is the submatrix of
Ks(E) formed by its rows with indices in {i1,...,i;}, and Ts(E) € K™= is the submatrix of /Cs(E)
formed by the rows with indices in {¢s(1, 81), ..., ¢ps(m, 5m)}.
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The matrix Ps(E) € K™*? can be thought of as a pivot matrix, since its rows are used as pivots to
find relations through the elimination of the rows in 75(E) € K™=, which we therefore think of as
the target matrix. From Subsection 7.2, we know that these relations correspond to an interpolation
basis P in s-weak Popov form. It turns out that restricting our view of /Cs(E) to the submatrix Ps(E)
leads to find such relations with a minimal number of coefficients, which corresponds to a stronger
type of minimality: P is in s-Popov form (Kailath, 1980; Beckermann et al., 2006).

Definition 7.21 (shifted Popov form). Let P € K[X]™*™ have full rank, and let s in N™, Then, P is said
to be in s-Popov form if the s-pivot entries are monic and on the diagonal of P, and in each column
of P the nonpivot entries have degree less than the pivot entry.

A matrix in s-Popov form is in particular in s-weak Popov form and s-reduced; besides, this is a
normal form in the sense that, for a given A € K[X]™*™ with full rank and a given shift s, there is a
unique matrix P in s-Popov form which is unimodularly equivalent to A. In particular, given (E,J), for
each shift s there is a unique (s-minimal) interpolation basis for (E,]) which is in s-Popov form.

Since all rows in Kg(E) are linear combinations of those in the submatrix Ps(E), there is an
m x r matrix Rs(E) such that 75(E) = Rs(E)Ps(E), which we think of as the relation matrix; be-
sides, since the pivot matrix has full rank, this defines Rs(E) uniquely. Then, the linear relations
that we are looking for are [—Rs(E)|I;], and they can be computed for example using Gaussian
elimination on the rows of [Ps(E)T|7s(E)T]T. More precisely, [—Rs(E)|l;;] is the set of columns with
indices in (i1,...,1ir, ¢s(1,81), ..., ¢s(m, 8y)) of the relations that we are looking for between the
rows of ICs(E), and the interpolation basis in s-Popov form is the compression of these relations.
Generally, given a matrix A in K™ ™ for some n, we see it as formed by the columns with in-
dices (i1, ..., ir, ¢s(1,81), ..., ds(m, 8m)) (in this order) of a matrix B in K™*Mm@+D which has other
columns zero. Then, the compression of A is the compression Cs(B) of B as defined in Subsection 7.1;
we abusively denote it Cs(A) since there will be no ambiguity.

Lemma 7.22. Let ] € K> and E € K™%, and let s € N™. Let Ps(E) € K"™*? and Ts(E) € K™= be as in
Definition 7.20, and let Rs(E) be the unique matrix in K™ such that Ts(E) = Rs(E)Ps(E). Then,

P =Cs([-Rs(E) | Im])

is an interpolation basis for (E, ) in s-Popov form.
Besides, if (j1, ..., jr) denotes the column rank profile of Ps(E), and C € K™*" and D € K™ are the
submatrices of Ps(E) and Ts(E), respectively, formed by the columns with indices in {j1, . .., j;}, then we have

Rs(E) =DC 1.

Proof. First, restricting the identity 7s(E) = Rs(E)Ps(E) to the submatrices with column indices in
{j1,..., jr} we have in particular D = Rs(E)C. By construction, C is invertible and thus Rs(E) = DpC 1.

Let R € K™*mG+D pe the matrix whose columns at indices i1, ...,ir, ¢s(1,81), ..., ¢s(Mm, Sm)
are the columns 1,...,r + m of [—Rs(E)|I;], respectively, and other columns are zero; let also
P = Cs([—Rs(E)|Im]) = Cs(R). By construction, every row c¢ of P is the compression Cs(Rc,«) of a linear
relation between the rows of Cs(E) and is thus an interpolant for (E,J). We will further prove that P
is in s-Popov form with s-pivot degree (81, ..., dy); in particular, this implies that P is s-reduced and
has s-row degree (s1 +61,...,Sm +Jm), so that Lemma 7.12 shows that P is an interpolation basis for
(E,)). For ke {1, ...,r}, we write i, = ¢s(ck, di) for some unique (cg,dy). We fix ce {1,...,m}.

First, we consider the column ¢ of P and we show that all its entries have degree less than §;
except the entry on the diagonal, which is monic and has degree exactly .. Indeed, for any k such
that ¢, = c, by definition of Cs(R) the column i, of R is compressed into the coefficient of degree dj
in the column ¢ of P, and by Lemma 7.15 we know that d; < §.. Besides, the column of R at index
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¢s(c, 8¢), which has all its entries 0 except the entry on row ¢ which is 1, only brings a coefficient 1
of degree §. in the diagonal entry (c, c) of P.

Second, we consider the row ¢ of P and we show that it has s-pivot index ¢ and s-pivot degree &.
Thanks to Lemma 7.6, it is enough to show that the rightmost nonzero entry in the row c of R is
the entry 1 at column index ¢s(c, 8c). All entries in the row ¢ of R with indices greater than ¢s(c, 3;)
and not in {iq,...,i;} are obviously zero. Now, by definition of §;, we know that the row of Cs(E)
at index ¢s(c, 8c) is a linear combination of the rows at indices smaller than ¢s(c, §.); in particular,
because the rows of Is(E) at indices iy, ..., i, are linearly independent, the linear combination given
by the row c of R has entries 0 on the columns at indices i} for k such that i} > ¢s(c,5c). O

Now, we turn to the fast computation of an interpolation basis P for (E,]) in s-Popov form. In
view of what precedes, this boils down to two steps, detailed in Algorithm 9: first, we compute the
row rank profile (iq,...,i;) of ICs(E) from which we also deduce the s-minimal degree (61, ..., 68m),
and second, we compute the linear relations DC~!. We now prove Proposition 7.1, by showing that
Algorithm 9 is correct and uses O(oc®([m/o]+10g(8))) operations in K if w > 2, and O(c®([m/o]+
log(8)) log(o)) operations if w = 2.

Proof of Proposition 7.1. The correctness follows from Lemmas 7.15 and 7.22 and from the cor-
rectness of the algorithm KRYLOVRANKPROFILE. Since r < o, the computation of C~! at Step 7 uses
O@r®) c O(c®) operations, and the computation of DC~! uses @ (c®) operations when m < o,
and O(mo®~1) operations when o < m. Then, the announced cost bound follows from Proposi-
tion 719. O

Algorithm 9 (LINEARIZATIONINTERPOLATIONBASIS).
Input:

matrix E € K™*9,

matrix J € K>,

shift s e N™,
a bound § on the degree of the minimal polynomial of J, with § a power of 2 in {1,...,20 — 1}.

Output: the interpolation basis P € ]K[X]"é;m for (E,J) in s-Popov form.

1. compute s and ¢s as in Definition 7.3

2. (i1,...,ir), Ps(E), (j1, ..., jr) < KRYLOVRANKPROFILE(E, ], s, §)

3. For 1 < k < r, compute (¢, di) < ¢35 ' (ix)

4. For 1 < c < m, compute §. < 1+ max{dy |1 <k <r and ¢, =c} if the set is nonempty, and 5. < 0
if it is empty

. Ts(E) < submatrix of KCs(E) formed by the rows with indices in {¢s(1,31), ..., ¢s(m, dn)}

. C,D <« submatrices of Pg(E) and 7s(E), respectively, formed by the columns with indices in
(..., dr}

. compute Rg(E) < DC!

. P < Cs([—Rs(E) | In])

9. Return P

[ Y]

[ BN
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Appendix A. Bounds for polynomial matrix multiplication functions

In this appendix, we give upper bounds for the quantities in Definition 3.3.

Lemma A.1. We have the upper bounds

MM’ (m,d) € Om®~M(md)) ifo>2,
MM’ (m,d) € O@mM(nd)log(m)) ifo=2,
MM’ (m,d) € Om*M(d)log(d)).

Proof. It is enough to show these bounds for m and d powers of 2. The bound on MM”(m, d) follows
from the super-linearity property 2/M(27/d) < M(d). ‘

Using the super-linearity property MQ27'md) < 27'M(md), we obtain MM (m,d) =
Y o<i<logmy 2 MMM(2!, 27Tmd) € O(X o< iiogam 2'“ 2’ mM(md)). This concludes the proof since we
have 3 o<iciogum) 2@ € ®(m®~2 +log(m)), where the logarithmic term accounts for the possibility
that w=2. O

Lemma A.2. We have the upper bounds

MM (m,d) € Om®"M(md)) ifo>2,
MM (m,d) € OmM(md)log(m)?) ifo=2,
MM (m,d) € Om®~"M(md) + m®M(d) log(d)) ifow=>2,

MM”(m,d) € OmM(md)log(m)? +m>M(d) log(d) log(m)) ifo=2.

Proof. It is enough to show these bounds for m and d powers of 2. The first two bounds are obtained
from Lemma A.1, which implies that

log(m) log(m)
Z 2IMM' (27 im, 2id) e © Z 212~ mo=TMmmd) | + mM(nd) log(m)? | ,
i=0 i=0

and from the fact that Y i cjogum 2i2-®) js upper bounded by a constant if w > 2.
Now, we focus on the last two bounds. By definition,

log(m) log(2'd)
MM (m.dyeo | Y 2" Y 2 memEd)
i=0 j=0
In the inner sum, j goes from 0 to log(2id) =i + log(d): we will separately study the first terms with

j <i and the remaining terms with j > i. o o
First, using the super-linearity property M(2'~/d) < 2'-/M(ind)/m, we obtain

o2y 2eTmeMR T e 0| Y (i + 12" m? T M(md)
i=0  j=0 i=0

€ O(M®~'"M(md) + mM(md) log(m)?),

since when @ > 2, the sum Y i cjogqm (i +1)27?*) is known to be less than its limit (1 —227*)~2
when m — oco. We note that the second term mM(md) log(m)? accounts for the possibility that w = 2.
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Then, using the super-linearity property M(2i=/d) < 2i=JM(d) when j > i, we obtain

log(m) ‘i+10g(d) . . o log(m) .
o2t 3 2@ meMETd) < ) 2" mPM(d) log(d)
i=0 j=i+1 i=0

€ O(m®M(d) log(d) + m*M(d) log(d) log(m)),

which concludes the proof. O

Lemma A.3. Let d denote the power of 2 such that d < d < 2d; we have the upper bounds
Yo<i<log@ 2 MM/ (m, 27d) € Om®~M(md) + m*“M(d) log(d)) ifw>2,
Y o<i<iog@ 2 MM/ (m, 271d) € O(mM(md)log(m)> +m2M(d) log(d) log(m)?) ifo=2,
Y o<i<log@ 2 MM”(m, 27'd) € Om®~M(md) + m“*M(d) log(d)?) ifo>2,
Y o<i<iog@ 2 MM (m, 271d) € OmM(md) log(m)® + m*M(d) log(d)* log(m))  ifw =2.

Proof. It is enough to show these bounds for m and d powers of 2; in particular, d = d.
Let us study the first two bounds. By definition,

log(d) ) ‘ log(d) 'log(m) ‘ log(m)—j . ‘ '
Z ZIMM/(m, 2_ld) = Z 2! Z 2] Z szM(Z_]_km, 2]+k—1d)
i=0 i=0  j=0 k=0

log(m) log(m)— j log(d)
_ Z Z Stttk ik, 20 k=)
j=0 k=0 i=0
Considering the terms with i < j +k, we use M(2/t*k~id) < 2itk~iM(md)/m to obtain
log(m) log(m)—j j+k

Z Z Zzi+j+kMM(2—j—km,2j+k—id)

j=0 k=0 i=0

log(m) log(m)—j

co Y Y (k+ 1200 me-Tmand) |,
j=0 k=0

from which we conclude since the sum Y g i<iogum) > 0<k<logm)—j(J + K + 1)20th@-o) 5 O(1) if
> 2, and O(log(m)®) if w =2. o o
Now, considering the terms with i > j +k, we use M(2/t*~id) < 2Jt*~iM(d) to obtain

log(m) log(m)—j  log(d)

Z Z Z 2i+j+k|\/|M(27jikm, 2f+k7id)

j=0 k=0 i=j+k+1

log(m) log(m)—j

cO Z Z 20HOC=o)mondy logd) | ,
j=0 k=0

where again the sum on j and k is O(1) if w > 2, and O(log(m)?) if w = 2.
Then, we study the last two bounds. By definition,

log(d) log(d) log(m) log(d)+j—i

Z 2'MM7(m, 27'd) = Z 2! Z 2i Z MM~ m, 20-kq)

i—0 i=0  j=0 k=0
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log(m) log(d) log(d)+j—i
= > 2HMMEeTm, 2 Ra).

j=0 i=0 k=0

Considering the terms with k > j — i, we use M(2/==kd) < 2/=1=kM(d) to obtain

log(m) log(d)  log(d)+j—i o ) o log(m) .
>y > 27 MM T m, 27 My e o | YT 2797 mOM(d) log(d)? | ;
j=0 i=0 k=max(0,1+j—i) j=0

this is O(M®“M(d) log(d)?) if w > 2 and O(mMM(d) log(d)? log(m)) if w = 2. o
~Now, considering the terms with 0 <k < j — i, and thus also i < j, we use M2I~i=kd) <
2i=1=kM(md)/m to obtain

logm) j j—i o ' o log(m) )
YOS MM I m 2Ty e o[ Y (5 + 172027 m®  M(md)
j=0 i=0 k=0 j=0

This gives the conclusion, since le(f(()m) (j+ 12212 i5s ©(1) if w > 2, and O(log(m)?) if w=2. O

Appendix B. Cost analysis for the computation of minimal nullspace bases

Here, we give a detailed cost analysis for the minimal nullspace basis algorithm of Zhou et al.
(2012), which we rewrite in Algorithm 10 using our convention here that basis vectors are rows of
the basis matrix (whereas in the above reference they are its columns). Furthermore, we assume
that the input matrix has full rank, which allows us to better control the dimensions of the matrices
encountered in the computations: in the recursive calls, we always have input matrices with more
rows than columns.

Here, the quantity MM’ (m,d) = Zosjglog(d) 2IMM(m, 27Jd) arises in the cost analysis of fast
algorithms for the computation of Hermite-Padé approximants (Beckermann and Labahn, 1994;
Giorgi et al., 2003), which use a divide-and-conquer approach on the degree d. The minimal nullspace
basis algorithm in Zhou et al. (2012) follows a divide-and-conquer approach on the dimension of the
input matrix, and computes at each node of the recursion some products of matrices with unbalanced
row degrees as well as a minimal basis of Hermite-Padé approximants. In particular, its cost will be
expressed using the quantities MM’(m, d) and MM”(m, d) introduced in Definition 3.3.

The following result refines the cost analysis in Zhou et al. (2012, Theorem 4.1), counting the
logarithmic factors.

Proposition B.1. Let F in K[ X]™*" have full rank with m > n, and let s in N™ which bounds the row degree of
F componentwise. Let & > m be an integer such that |s| < &. Assuming that m € O(n), Algorithm 10 computes
an s-minimal nullspace basis of F using

OMM (m, & /m) + MM (m, & /m))
C OmM®"M() + mM(&/m) log(& /m)) ifw>2,
C OmM(&) log(m)? +m*M(& /m) log(¢ /m) log(m)) ifo=2

operations in K.

Proof. The proof of correctness can be found in Zhou et al. (2012). We prove the cost bound following
Algorithm 10 step by step.

Step 1: since p < |s| <&, we have A < [§/n].

Step 2: using the algorithm PM-Basis (Giorgi et al., 2003), P can be computed in O(MM” (in, 1))
operations in K; see Giorgi et al. (2003, Theorem 2.4). Since A < [§/n] and m € O(n), this step
uses O(MM”(n, &/n)) operations. Besides, from Remark 7.18 on the sum of the s-row degrees of an
s-minimal interpolation basis, we have |rdegs(P)| <3nA +& <3(p+m) + & < 7¢.
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Algorithm 10 (MINIMALNULLSPACEBASIS (Zhou et al., 2012)).
Input:

o matrix F € K[X]™*" with full rank and m > n,
e a shift s e N™ with entries in non-decreasing order and bounding the row degree of F component-
wise.

Output:

e an s-minimal nullspace basis N of F,
e the s-row degree of N.

1 p < Y nySi and X < [p/n]

2. P <« a solution to Problem 3 on input ((3A,..., 31),F,s), obtained using the algorithm
PM-Basis (Giorgi et al., 2003), and with the rows of P arranged so that rdegg(P) is non-decreasing

3. Write P =[P]|P]]T where P; consists of all rows p of P satisfying pF =0

4. If n=1, Return (P, rdegg(P1))

5. Else

. t < rdegg(P2) — (31, ...,34)

. G < X>*P,F

. Write G =[G1|G;] where Gy has [n/2] columns and G; has [n/2] columns

. (N1, u) < MINIMALNULLSPACEBASIS(G1, t)

. (N2, v) < MINIMALNULLSPACEBASIS(N1G;, u)

. N < [P]|(N2N1Py)T]T

. Return (N, (rdegs(P1),V))

®m -0 aan o

Step 3: finding P; and P, can be done by computing PF. The matrix F is m x n with row de-
gree w = rdeg(F) < s (componentwise); in particular, |w| < &. Besides, P is an m x m matrix and
[rdeg,, (P)| < |rdegs(P)| < 7. Then, one can augment F with m —n zero columns and use Algorithm 3
to compute PF; according to Proposition 4.1, this uses O(MM' (m, £ /m)) € O(MM’(n, & /n)) operations.

Steps 5.a and 5.b: Computing G involves no arithmetic operation since the product PF has already
been computed in Step 3; G has row degree bounded by t (componentwise). Let us denote m the
number of rows of P,. Because both P and F have full rank and P1F =0, G has full rank and at least
n rows in P are not in the nullspace of F, which means n < m. Furthermore, according to (Zhou et
al., 2012, Theorem 3.6), we have m < 3n/2. Then, G is an 1 x n matrix with n <m < 3n/2 and with
row degree bounded by t. In addition, we have t < s (Zhou et al,, 2012, Lemma 3.12), and thus in
particular |t] <&.

Step 5.c: for the recursive calls of Steps 5.d and 5.e, we will need to check that our assumptions on
the dimensions, the degrees, and the rank of the input are maintained. Here, we first remark that G;
and G; have full rank and respective dimensions i1 x [n/2] and m x [n/2], with m > [n/2] > |n/2].
Their row degrees are bounded by t, which is in non-decreasing order and satisfies |t| <§&.

Step 5.d: N; is a t-minimal nullspace basis of G; and therefore it has m — [n/2] rows and m
columns. Besides, u =rdeg;(N1) and by (Zhou et al., 2012, Theorem 3.4), we have |u| < |t| <&.

Step 5.e: we remark that N1G, has [n/2] columns and m — [n/2] > [n/2] rows. We now show
that it has full rank. Let us consider Nz any u-minimal nullspace basis of N1G;. Then Nz has m —
[n/2] —r rows, where r is the rank of N;G,. Our goal is to prove that r = [n/2]. The matrix N=
[P]|(N2N1P2)T]" is an s-minimal nullspace basis of F (Zhou et al,, 2012, Theorems 3.9 and 3.15). In

particular, since F has full rank, N has m — n rows. Since P; has m — i1 rows, this gives m —n =
m—-m+m—|n/2] —r=m-— [n/2] —r. Thus n= [n/2] +r, and r = [n/2].

Furthermore, G, has row degree bounded by t and N; has t-row degree exactly u, so that
rdeg(N1Gy) < rdeggeg(c,)(N1) < rdeg¢(N1) = u. We have [t| < & and |u| < &. Augmenting N; and
G, so that they are m x i, by Proposition 4.1, NyG; can be computed using O(MM (1, & /m)) C
O(MM'(n, &/n)) operations. Then, Ny is a t-minimal nullspace basis of N1Gy; it has m —n rows and
m — [n/2] columns, its u-row degree is v =rdeg,(N2), and we have |v| < |u| <& (Zhou et al., 2012,
Theorem 3.4).
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Step 5.f: using the previously given dimensions and degree bounds for Ny and N, one can
easily check that the product N3N; can be computed by Algorithm 3 using O(MM (i, &/m)) C
O(MM'(n, &/n)) operations. Now, P, is m x m with m > m, and denoting w =t + (3A,...,3A),
P, has its row degree bounded by rdegg(P,) = w/, with |wW'| = |rdegs(P)| < |rdegs(P)| < 7&. Besides,
[rdeg, (N2N7)| < |rdeg;(N2N7)| + 3( — n)A < |v| + 3nA/2 < 4€. Then, the product NoN{P; can be
computed with Algorithm 3 using O(m/mMM’ (i, & /m)) € O(MM (n, & /n)) operations, since m € O(n)
and n <m.

Thus, we have two recursive calls with half the column dimension and the same bound &,
and additional O(MM'(n, &/n) + MM”(n, € /n)) operations for the matrix products and the compu-
tation of a minimal basis of Hermite-Padé approximants. Overall Algorithm 10 uses O(MM'(n, & /n) +
MM”(n, £ /n)) operations: since n € ®(m), we obtain the announced cost estimate; the upper bound is
a direct consequence of Lemma A.2. O
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