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Abstract

In this article, we design fast algorithms for the computation of approximant bases in shifted
Popov normal form. We first recall the algorithm known as PM-Basis, which will be our second
fundamental engine after polynomial matrix multiplication: most other fast approximant basis
algorithms basically aim at efficiently reducing the input instance to instances for which PM-
Basis is fast. Such reductions usually involve partial linearization techniques due to Storjohann,
which have the effect of balancing the degrees and dimensions in the manipulated matrices.
Following these ideas, Zhou and Labahn gave two algorithms which are faster than PM-Basis
for important cases including Hermite-Padé approximation, yet only for shifts whose values are
concentrated around the minimum or the maximum value. The three mentioned algorithms were
designed for balanced orders and compute approximant bases that are generally not normalized.
Here, we show how they can be modified to return the shifted Popov basis without impact on
their cost bound; besides, we extend Zhou and Labahn’s algorithms to arbitrary orders.
Furthermore, we give an algorithm which handles arbitrary shifts with one extra logarithmic
factor in the cost bound compared to the above algorithms. To the best of our knowledge, this
improves upon previously known algorithms for arbitrary shifts, including for particular cases
such as Hermite-Padé approximation. This algorithm is based on a recent divide and conquer
approach which reduces the general case to the case where information on the output degree is
available. As outlined above, we solve the latter case via partial linearizations and PM-Basis.

Keywords: Hermite-Padé approximation; minimal approximant basis; order basis; polynomial
matrix; shifted Popov form.

1. Introduction

Letd = (dy,...,d,) € ZZ ), and let F € K[X]™" be a matrix of univariate polynomials over a

field K, which represents a matrix of formal power series with the jth column truncated at order
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d;. We consider a matrix-type generalization of Hermite-Padé approximation, which consists in
computing polynomial row vectors p € K[X]"" such that

pF =0mod X9, where X¢ = diag(X",...,X%). (1)

Here, pF = 0 mod X? means that pF = qX¢ for some q € K[X]"". The set of all such
approximants forms a free K[X]-module of rank m denoted by Aq(F); its bases are represented as
the rows of nonsingular matrices in K[X]"™™. One is usually interested in bases having minimal
row degrees with respect to a shift s € Z™, used as column weights.

In this paper, we improve complexity bounds for the computation of such s-minimal approx-
imant bases. In addition, our algorithms return a canonical s-minimal basis of A4(F), called the
s-Popov basis (Popov, 1972; Beckermann et al., 1999) and defined in Section 2.1. The properties
of this basis allow us to compute it faster than s-minimal bases in general (for more insight, see
Jeannerod et al., 2016) and also, once obtained, to efficiently perform operations with this basis
(see for example Rosenkilde and Storjohann, 2016, Thm. 12).

Problem 1 - Approximant basis in shifted Popov form
Input:
e approximation order d € Z,
e matrix F in K[X]™" with cdeg(F) < d componentwise,
o shifts e Z™.

Output: the s-Popov basis P € K[X]™" of the K[X]-module
Ag(F) = {p € K[X]™" | pF = 0 mod X¢}.

Our problem is stated in Problem 1; cdeg(F) denotes the tuple of the n column degrees of
the matrix F. Here and hereafter, tuples of integers are always compared componentwise. The
assumption that cdeg(F) < d is harmless: truncating the column j of F modulo X% does not
affect the module of approximants.

For estimating the tightness of the cost bounds below, we consider the number of field ele-
ments used to represent the input and output of the problem. Representing polynomials in the
standard monomial basis, the matrix F is represented by mo coefficients from K, where

o=d+---+d,=|d|;

here, | - | denotes the sum of a tuple of nonnegative integers. By definition of the shifted Popov
form, the output basis can be written P = X% + A, where the matrix A is such that cdeg(A) <
6 = cdeg(P). Importantly, we have |[d] < o (see Lemma 2.2). Thus, P can be represented by the
degrees 6 together with m|6|] < mo coefficients from K for its nontrivial columns. The tuple 6,
called the s-minimal degree of Aq(F), plays a central role in our algorithms; knowing 6 amounts
to knowing the degrees of the columns of the sought canonical basis.

Our cost model estimates the number of arithmetic operations in K on an algebraic RAM.
We consider an exponent w for matrix multiplication: two matrices in K" can be multiplied in
O(m®) operations in K. In this paper, all cost bounds are given for w > 2; additional logarithmic
factors may appear if w = 2. (Coppersmith and Winograd, 1990; Le Gall, 2014) show that one
may take w < 2.373. We also use a cost function MM(-, -) for the multiplication of polynomial
matrices, defined as follows: for two real numbers m,d > 0, MM(m, d) is such that two matrices
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of degree at most d in K[X]™™ with /n < m can be multiplied using MM(m, d) operations in K.
Furthermore, we will use MM’ (m, d) = Y<i<ioga) 2!MM(m, 27'd) from (Storjohann, 2003; Giorgi
et al., 2003), which is typically related to divide-and-conquer computations.

We will always give cost bounds in function of MM(m, d) and MM’ (m, d); the current best
known upper bounds on the former quantity can be found in (Cantor and Kaltofen, 1991; Bostan
and Schost, 2005; Harvey et al., 2017). The first of these references proves

MM(m, d) € O(m“dlog(d) + m2d log(d) log(log(d)))

for an arbitrary field K, while the last two show better bounds in the case of fields that are either
finite or of characteristic zero. For the sake of presentation, we will also give simplified cost
bounds for our main results, relying on the following assumption:

Hum : MM(m, d) + MM(m, d") < MM(m,d + d’) for m,d,d’ > 0 (super-linearity).

We remark that Hyy implies MM’ (m, d) € O(MM(m, d) log(d)).

It is customary to assume MM(@m,d) € O(m“M(d)) for a cost function M(-) such that two
polynomials in K[X] of degree less than d can be multiplied in M(d) operations in K. However
this does not always reflect well the actual cost of polynomial matrix multiplication, which tends
to have a term in m?d with several (sub)logarithmic factors, and a term in m“d with at most one
logarithmic factor. In fact, even the above general bound on MM(m, d) is asymptotically better
than O(m*“M(d)) if we replace M(d) by the best known bound.

As a consequence, and since we will be discussing cost bound improvements on the level
of logarithmic factors, we will not follow this custom. Instead, and as in (Storjohann, 2003) for
example, we will prefer to write our cost bounds with general expressions involving MM(m, d)
and MM’ (m, d), which one can then always replace with context-dependent upper bounds.

Main result. We give an efficient solution to Problem 1 for arbitrary orders and shifts.

Theorem 1.1. Letd € ZZ,, let F € K[X]™" with cdeg(F) < d, and let s € 7. Writing o = |d|

for the sum of the entries of d, and assuming m € O(c), then Problem 1 can be solved in

1

operations in K. Assuming Hyw, this is in O(MM(m, o/m) log(c/m)* + m*~' o log(m)).

[log,(o-/m)]

2XMM’ (m, 2k0'/m)] +m“ o log(m)]
k=0

Hiding logarithmic factors, this cost bound is O (m“~!c), the same as for the multiplication of
two m X m matrices of degree o-/m. As mentioned above, the output basis has average column
degree at most o-/m, which is reached generically. Furthermore, there are instances of Problem 1
whose solving does require at least as many field operations as the multiplication of two matrices
in K[X]™" of degree about o-/m (see Section 2.4).

In the case o € O(m), the current fastest known algorithm for solving Problem 1 uses
O(mo*~" + 0 log(max(d))) operations (Jeannerod et al., 2017, Prop. 7.1).

The overall design of our main algorithm is based on (Jeannerod et al., 2016, Algo. 1); we
refer to (ibid., Sec. 1.2) for an overview of this approach. In short, we use a divide and conquer
strategy which splits the order d into two parts whose sums are about o-/2. Two corresponding
shifted Popov bases are found recursively and yield the s-minimal degree &, which then helps us
to efficiently compute the s-Popov approximant basis.
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(ibid., Algo. 1) solves a more general problem; we refer to (Van Barel and Bultheel, 1992;
Beckermann, 1992; Beckermann and Labahn, 1997) for details about and earlier solutions to
matrix rational interpolation problems. Eq. (1) is indeed a particular case of

pF =0mod (X -x)%, where (X -x)? = diag([(X — x))¥]1<j<n)s (2)

where these diagonal entries are given by their roots x and multiplicities d.

For such equations, (Beckermann and Labahn, 2000, Algo. FFFG) returns the s-Popov basis
of solutions in O(mo?) operations (Neiger, 2016, Sec. 6.4). At each step of this iterative algo-
rithm, one normalizes the computed basis to better control its degrees, and thus achieve better
efficiency. Indeed, similar algorithms without normalization, such as the one in (Van Barel and
Bultheel, 1992), have a cost of O(m?c?) operations in general.

The algorithm of (Jeannerod et al., 2016) also addresses Eq. (2). Here, we obtain a faster
algorithm in the case x = 0 by improving one of its core components: solving Problem 1 when
the s-minimal degree § is known a priori. Explicitly, the gain here compared to the cost bound in
(ibid., Thm. 1.3) is in Q(log(0)).

This extra logarithmic factor in (ibid.) has two independent sources. First, it originates from
the computation of residuals, which are matrix remainders of the form PF mod (X — x)4; here,
with x = 0, these are simply truncated products. Second, it also comes from the strategy for
handling unbalanced output degrees, by relying on (Jeannerod et al., 2017, Algo. 2) which uses
unbalanced polynomial matrix products and changes of shifts. Here we rather make use of the
overlapping linearization from (Storjohann, 2006, Sec. 2), allowing us to reduce more directly to
cases solved by (Giorgi et al., 2003, Algo. PM-Basis) using balanced polynomial matrix products.

Balanced orders: obtaining the canonical basis via PM-Basis. Let us now consider the case
where all n entries of the order d are roughly the same. More precisely, we assume that

Hy : max(d) € O(o/n) (balanced order),

and we let d = max(d). We note that any algorithm designed for a uniform order (d, ..., d) can
straightforwardly be used to deal with any order d (see Remark 3.3); yet, this might lead to a
poor cost bound if the latter order is not balanced.

Under Hjy, the divide and conquer algorithm of (Beckermann and Labahn, 1994), improved
as in (Giorgi et al., 2003, Algo.PM-Basis), computes an s-minimal approximant basis using
O((1 + n/m)MM’ (m, o/n)) operations. This is achieved for arbitrary shifts, despite the existence
of s-minimal bases with arbitrarily large degree: PM-Basis always returns a basis of degree < d.
It is particularly efficient in the case n = ®(m), the cost bound being then in O"(m®~' o).

Here, we slightly modify PM-Basis so that its output basis reveals the s-minimal degree 4.
For this, we ensure that, in addition to being s-minimal, this basis exhibits a so-called pivot
entry on each row; it is then said to be in s-weak Popov form (Mulders and Storjohann, 2003).
Computing bases in this form to obtain é will be a common thread in all algorithms we present.

Then, we show that the canonical basis can be obtained by using essentially two successive
calls to PM-Basis: the first one to find d, and the second one to find the basis by using -4 in
place of the shift. The correctness of this approach is detailed in Lemma 2.3.

Theorem 1.2. Lerd € Z, let F € K[X]™" be such that cdeg(F) < d, and let s € 7. Then,

e Problem I can be solved in O((1 + n/m)MM’ (m, d)) operations in K, where d = max(d),
assuming Hw, this is in O((1 + n/m)MM(m, d) log(d)).
4



e Problem 1 can be solved in OMM’ (m,[c/m]) + MM’ (m, d)) operations in K; assuming
FHuwm, this is in OMM(m, [o/m]) log([o-/m]) + MM(m, d) log(d)).

The cost bound in the second item improves upon that in the first item for some unbalanced
orders with n > m. Take for example d = (07/2,1,...,1) withn = 0/2+ 1 > m: then, d = 0/2
and the first bound is O(7-MM'(m, o)) whereas the second bound is only O(MM'’(m, 07)). This is
obtained via an algorithm which reduces the column dimension to n < m (first term in the cost)
and then applies PM-Basis on the remaining instance (second term in the cost). The first step is
itself done by applying PM-Basis a logarithmic number of times to process all columns whose
corresponding order is less than o-/m; there are at least n — m such columns by definition of o

To illustrate the involved logarithmic factors, let us consider m = n + 1 = 2. The cost bounds
in the last theorem become O(M(o ) log(o)), the same as for the related half-gcd algorithm in
K[X] of Knuth (1970); Schonhage (1971); Moenck (1973). Besides, the bound O(M(o") 10g(0')3)
from (Jeannerod et al., 2016) is replaced by O(M(c") log(c)?) in Theorem 1.1. We will see that
this remaining extra logarithmic factor compared to the half-gcd comes from two layers of recur-
sion: at each node of the global divide and conquer scheme, there is a call to PM-Basis, which
itself is a divide and conquer algorithm performing a polynomial matrix product at each node.
To avoid this factor for the general approximation problem considered here is an open question.

Weakly unbalanced shifts, around their minimal or maximum value. In this paragraph, we report
cost bounds from (Zhou and Labahn, 2012) which are proved under the following assumptions:

Hy : MM(m, d) € O(m“M(d)), M(dd") € O(d“~"M(d")), and M(-) satisfies the
super-linearity property from (Gathen and Gerhard, 2013, Sec. 8.3).

Note that Hy implies Hyw, and that Hyy holds if M(d) and M(m, d) are replaced by the best
known upper bounds mentioned above. Hereafter, for an integer ¢ and a shifts = (sy, ..., s,), we
denote by s + ¢ the shift (s; +¢,..., s, + ), and notation such as s < ¢ stands for max(s) < t.

The algorithm PM-Basis discussed above is efficient for n € Q(m) and assuming Hy. Yet, this
assumption becomes weaker when # is small compared to m, and so does the bound d = max(d)
controlling the output degree. In the extreme case n = 1, Hy is void since d < o = |d| always
holds; then, PM-Basis manipulates bases of degree up to d = o, and its cost bound is O"(m“ o).
Focusing on the case n < m, Zhou and Labahn (2012) noted that both the assumption

Hspal : max(s) — min(s) € O(c/m) (balanced shift)
and the weaker assumption
Hsmin : IS — min(s)| € O(0) (weakly unbalanced shift, around min)

imply that the average row degree of any s-minimal approximant basis is in O(o/m). Then,
using the overlapping linearization technique from (Storjohann, 2006, Sec. 2) at most log(m/n)
times, they reduced to the case n = ®(m) and obtained the cost bound O(m“M(o/m) log(c/n)) C
O (m“~'o) (Zhou and Labahn, 2012, Sec.3 to 5), under Hy, Hg, and Hs min. The partial lin-
earizations are done at a degree § which is doubled at each iteration, each of them allowing to
recover the rows of degree < ¢ of the sought basis. There are many such rows since the aver-
age row degree is small by assumption: after the kth iteration, only O(m/2*) rows remain to be
found. An essential property for efficiency is that the found rows can be discarded in the further
iterations; this results in a dimension decrease which compensates the increase of the degree 6.
5



On the other hand, assuming
Hsmax : Imax(s) —s| € O(o) (weakly unbalanced shift, around max)

implies roughly that the sought basis has average row degree in O(c/m) up to a small number
of large degree columns, and that the shift can be used to guess locations for these large degree
columns. Then, Zhou and Labahn (2012, Sec. 6) use log(m) calls to the output column lineariza-
tion from (Storjohann, 2006, Sec. 3) in degree ¢. At each call, this transformation reduces to the
case Hspa and allows one to uncover rows of the sought basis whose degree is at a distance at
most § from the expected one. Again, there must be many such rows under Hs max, and since
the remaining rows have degrees which do not agree well with the shift, they must contain large
blocks of zeroes; this leads to decreasing the dimensions while ¢ is doubled. This approach has
the same asymptotic cost as above, still under Hy and Hy; we summarize this in Fig. 1 (top).
Most often, the approximant bases returned by the algorithms in (Zhou and Labahn, 2012)
are not normalized. Here, we show how to modify these algorithms to obtain the s-Popov basis
without impacting the cost bound. Furthermore, we generalize them to arbitrary orders; in other
words, we remove the assumptions n < m and Hy. Instead of making assumptions on s such as
Hs min and Hs max, We extend the algorithms to arbitrary shifts and give cost bounds parametrized
by the quantities |[s — min(s)| and |max(s) — s| which appear in the latter assumptions and are
inherent to the approach. Then, the obtained cost bounds range from O (m®~'o") under Hs min
or Hs max, thus matching Theorem 1.1 up to logarithmic factors, to O (m“d) when the quantities
above exceed some threshold, thus matching Theorem 1.2; in the latter case, the algorithms
essentially boil down to a single call to PM-Basis. Precisely, we obtain the next result.

Theorem 1.3. Letrd € Z, let F € K[X]™" be such that cdeg(F) < d, and let s € Z. Consider

the parameters o = |d|, d = max(d), £ = o + |s — min(s)|, and { = o + |max(s) — s|. Then,
o [f¢ < md, Problem I can be solved in O(C(¢, m, d)) operations in K, where

[logy (d/T€/m)]
C(,m,d) = Z MM’ (2 *m, 251&/m1) + 2XMMQ2~*m, 241 ¢ /m]). (3)
k=0

Assuming Hy, the latter quantity is in O(m*M([€/m]) log(d)).
o [f{ < md, Problem I can be solved in

Llog, (md/{)]
O[MM' (. [/ + MM (. d) + > C(.27¥m.d)
k=0

operations in K, for some integer u € Zq such that u < m and pud < {. Assuming Hy, this
cost bound is in Om“M([¢/m])log(d) + u?M([o/u]) log(To/ul)).

If o > m, these cost bounds can be written O"(m®~'¢) and O"(m®~'¢), and they improve upon
those in Theorem 1.2 when ¢ € o(md) and when ¢ € o(md), respectively. Note that H min and
Hs max are equivalent to & € O(0) and ¢ € O(0), respectively; under either of these assumptions,
the corresponding cost bound in the above theorem improves upon that in Theorem 1.1 at the
level of logarithmic factors, assuming FHy.

An important example of a shift which satisfies neither ¢ < md nor { < md is the one which
yields the approximant basis in Hermite form; explicitly, s = (o, 20, . .., mo) for which we have
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[[n < m, Hy, and] Ws,max}

output column linearization l

[[n < m, Hy and] Ws,minj [[n < m, Hy, and] Ws,bal}
l Algorithm 4, based on PM-Basis l
[[ﬂd and] n < m, Hs,min] [[Wd, and] n < m, ﬂs,bal}

Nirlapping linearizaW
n € O(m) and Hy fast solution using PM-Basis

[known 6 = cdeg(P) with |0] < o-]
l output column linearization
[known 6 = cdeg(P) with max(8) € 0(a/m)j
lAlgorithm 4, based on PM-Basis
[n < m, known 8 = cdeg(P) with max(d) € O(o/ m)}

overlapping linearization
n € O(n) and Hy fast solution using PM-Basis

Figure 1: (Top) Fast algorithm from (Zhou and Labahn, 2012) assuming either Hg min Or Hs max, Via a logarithmic number
of partial linearizations from (Storjohann, 2006) and calls to PM-Basis. In brackets, assumptions that we have removed
in our modified algorithm; we have also inserted the column dimension reduction (Algorithm 4) which is not necessary in
(Zhou and Labahn, 2012) where n < m is assumed. (Bottom) Fast algorithm when the shifted minimal degree is known,
using two partial linearizations from (Storjohann, 2006) and calls to (Giorgi et al., 2003, Algo. PM-Basis).

E=(= '"(";1)0' > mT_lmd. Then, only the cost in Theorem 1.1 meets the target O"(m“~'c) in
general: Theorem 1.3 is void with such & and £, while the cost O"(m“~'o + m®“d) in Theorem 1.2
has an extra factor md/o- which may be as large as m.

The cost bounds in Theorem 1.3 refine those in (Zhou and Labahn, 2012, Thm. 5.3 and 6.14).
Jeannerod et al. (2017) gave an algorithm achieving a cost similar to that in the first item above,
in the more general context of Eq. (2) and thus covering the case of arbitrary orders as well; the

cost bound above improves upon that given in (ibid., Thm. 1.5) by a logarithmic factor.

Known minimal degree. The main new ingredient behind Theorem 1.1 is an efficient algorithm
for Problem 1 when the s-minimal degree 6 of Ag(F) is known.

As noted above, knowing d leads us to consider the shift —d instead of s. This new shift
is weakly unbalanced around its maximum value, since |[d] < o. Inspired by the efficient algo-
rithms of (Zhou and Labahn, 2012) for such shifts, we consider the same overall strategy while
exploiting the additional information given by 4 to design a simpler and more efficient algorithm.

To handle the unbalancedness of the output column degrees, (ibid.) uses a logarithmic num-
ber of output column linearizations, each of them leading to find some rows of the sought basis.
Thanks to the knowledge of §, we are able to use the same linearization only once, with param-
eters which directly yield the full basis (Algorithm 5, Step 1). This transformation builds a new
instance for which the new shifted minimal degree § is known and balanced: max(6) € O(o/m).

Then, we use PM-Basis to efficiently reduce to the case n < m (Algorithm 5, Step 2). This is
not done in (ibid.) since n < m holds by assumption in this reference (yet, we do resort to column
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dimension reduction in our generalized version of this algorithm, see Algorithm 7, Step 1).

Now, to handle balanced shifts such as the new —9, (ibid.) uses a logarithmic number of
overlapping linearizations. Each of these transformations gives an instance satisfying n € ®(m)
and Hg, which can thus be solved efficiently via PM-Basis, thereby uncovering some rows of the
output basis. Here, since the output degree is in max(d) € O(c/m), a single call to overlapping
linearization (Algorithm 5, Step 3) yields a new instance which directly gives the full basis; as
above, it satisfies n € ®(m) and Hy and thus can be solved efficiently via PM-Basis.

We summarize our approach in Fig. 1 (bottom diagram). We note that similar ideas were
already used in (Gupta and Storjohann, 2011, Sec. 3), in the context of Hermite form computation
when the degrees of the diagonal entries are known.

To summarize, we obtain the cost bound O(MM'’ (m, o-/m)) for solving Problem 1 when § is
known (see Proposition 5.1), without any further assumption. This improves over the algorithm
in (Jeannerod et al., 2016, Sec. 4), designed for the same purpose but in the more general context
of Eq. (2), in which it is unclear to us how to generalize the overlapping linearization.

Outline of the paper. In Section 2, we present preliminary definitions and properties. Then, in
Section 3, we describe the algorithm PM-Basis and we prove the first item of Theorem 1.2. Then
we use this algorithm in Section 4 to show how to reduce to n < m efficiently; this implies the
second item of Theorem 1.2. Together with partial linearizations that we recall, this allows us
to solve Problem 1 when the s-minimal degree is known (Section 5). Then, in Section 6, we
give our main algorithm and the proof of Theorem 1.1. Finally, we present generalizations of the
algorithms of (Zhou and Labahn, 2012) and we prove Theorem 1.3 in Section 7.

2. Preliminaries

2.1. Minimal bases, Popov bases, and minimal degree

For a shift s = (s;); € Z™, the s-degree of p = [p;]; € K[X]™>™ is max ;(deg(p;) + s;),
with the convention deg(0) = —co. Then, the s-row degree of a matrix P € K[X]*" is rdeg (P) =
(r1, ..., ) where r; is the s-degree of the ith row of P. Besides, the s-leading matrix of P = [p;;];;
is the matrix Imy(P) € K whose entry (i, j) is the coefficient of degree r,—s jof p;j. The column
degree of P is cdeg(P) = rdegy(PT), where PT is the transpose of P. We use the following
definitions from (Kailath, 1980; Beckermann et al., 1999; Mulders and Storjohann, 2003).

Definition 2.1. Fors € Z™, a nonsingular matrix P € K[X]™" is said to be in

e s-reduced form if Img(P) is invertible;

e s-ordered weak Popov form if Img(P) is invertible and lower triangular;

o s-weak Popov form if it is in s-ordered weak Popov form up to row permutation;
e s-Popov form if Img(P) is unit lower triangular and Img(PT) is the identity matrix.

The s-pivot degree of P in s-weak Popov form is the tuple 6 € ZZ) of the degrees of the diagonal
entries of the corresponding s-ordered weak Popov form; for P in s-Popov form, we have § =
cdeg(P). Ford € Z”, and F € K[X]™", a basis of Ay(F) in s-reduced form is said to be an
s-minimal basis of Ag(F). Furthermore, we call s-minimal degree of Aq(F) the s-pivot degree
of the s-Popov basis of Ag(F), and in fact of any s-weak Popov basis of Ay(F) (Jeannerod
et al., 2016, Lem. 3.3). The importance of these degrees is highlighted in the next two results,
Lemmas 2.2 and 2.3.



The first one allows us to control the degrees in the computed bases and can be found in
(Van Barel and Bultheel, 1992, Thm.4.1) in a more general context. The second one follows
from (Sarkar and Storjohann, 2011, Lem. 15 and 17) and shows that when the s-minimal degree
6 is known, the computations may be performed with the shift —d.

Lemma 2.2. Letd € Z7, let o = |d|, and let F € K[X]™" with cdeg(F) < d. Then, for any
basis P € K[X]™" of Ag(F), we have deg(det(P)) < o. Furthermore, for s € Z", the s-minimal
degree 6 € Zg’o of Aq(F) satisfies |6| < o and max(6) < max(d).

Proof. Let P be the s-Popov basis of Ag(F). Then, P is in particular 0-column reduced, hence
deg(det(P)) = |cdeg(P)| = |8] (Kailath, 1980, Sec.6.3.2); and since any basis of Agq(F) has
determinant A det(P) for some nonzero 4 € K, it is enough to prove that |6| < 0.

Since P has column degree (01, ..., d,), according to (Kailath, 1980, Thm. 6.3.15) the quo-
tient K[X]>"/Aq(F) is isomorphic to K[X]/(X%) x - -- x K[X]/(X%") as a K-vector space, and
thus has dimension |§]. Now, this dimension is at most o, since Ag(F) is the kernel of the mor-
phism p € K[X]™"  pF mod X¢ e K[X]/(X%) x --- x K[X]/(X), whose codomain has
dimension |d| = o as a K-vector space.

To prove max(§) < max(d), we note that X™ @I, F = 0 mod X%, hence X™*@],, is a
left-multiple of P and the inequality follows from the predictable degree property. O

Lemma 2.3 (Jeannerod et al. (2016, Lem. 4.1)). Let s € Z" and let P € K[X]™" be in s-Popov
Jorm with column degree § € 7. Then P is also in —6-Popov form, and we have rdeg_s(P) = 0.
In particular, for any matrix R € K[X]™™ which is unimodularly equivalent to P and —8-
reduced, R has column degree &8, and P = Im_s(R)"'R.

Let & be the s-minimal degree of Ag(F). This result states that, up to a constant transfor-
mation, the s-Popov basis of A¢(F) is equal to any of its —4-minimal bases R. Furthermore,
cdeg(R) = 6 implies that R has average column degree |8|/m < o/m. We have no such control
on the column degree of s-minimal bases when s is not linked to §, even under assumptions on
the shift such as Hs max, Hs.min» OF Hspal-

2.2. Recursive computation of approximant bases

Here, we state the correctness of the approach which consists in computing a first basis from
the input, another basis from a residual, and combining them by multiplication to obtain the
output basis. This scheme is followed for example by the iterative algorithms in (Van Barel
and Bultheel, 1991; Beckermann and Labahn, 2000) and the divide and conquer algorithms in
(Beckermann and Labahn, 1994; Giorgi et al., 2003).

In the next lemma, the items (i) and (i7) focus on minimal bases and extend (Beckermann and
Labahn, 1997, Sec. 5.1); the item (iii) gives a similar result for ordered weak Popov bases. The
item (iv), from (Jeannerod et al., 2016, Sec. 3), shows how to retrieve the s-minimal degree from
two bases in normal form without computing their product.

Lemma 2.4. Let M C M, be two K[X]-submodules of K[X]™ of rank m, and let P, € K[X]™™"
be a basis of M. Let further s € Z" and t = rdeg (P,). Then,
(i) The rank of the module M, = {1 € K[X1™™ | AP, € M} is m, and for any basis P, €
KIXT™™ of My, the product P,Py is a basis of M.
(ii) If Py is s-reduced and P, is t-reduced, then PPy is s-reduced.

9



(iii) If P, is in s-ordered weak Popov form and P, is in t-ordered weak Popov form, then P,P,
is in s-ordered weak Popov form.

(iv) If 6, is the s-minimal degree of M| and 6, is the t-minimal degree of My, then the s-
minimal degree of M is 6| + §,.

Proof. (i) Let A € K[X]™ denote the adjugate of P;. Then, we have AP, = det(P)I,,. Thus,
pAP; = det(P))p € M for all p € M, and therefore MA C M;. Now, the nonsingularity of A
ensures that MA has rank m; from (Dummit and Foote, 2004, Sec. 12.1, Thm. 4), this implies that
M, has rank m as well. The matrix P,P; is nonsingular since det(P,P;) # 0. Now let p € M; we
want to prove that p is a K[X]-linear combination of the rows of P,P;. First, p € M;, so there
exists A € K[X]™" such that p = AP,. But then A € M,, and thus there exists u € K[X]"" such
that A = uP,. This yields the combination p = uP,P;.

(ii) Let d = rdeg,(P,); we have d = rdeg,(P,P) by the predictable degree property (Forney,
Jr., 1975). Using X4 P,P; X® = X"9P,X!X"'P, X%, we obtain that Ims(P,P;) = Im(P)Im,(P)).
By assumption, Im¢(P;) and Img(P;) are invertible, and therefore Img(P,Py) is invertible as well;
thus P,P; is s-reduced.

(iii) The matrix Img(P,P;) = Im¢(P>)Img(P) is lower triangular and invertible.

(iv) Let Py be the s-Popov basis of M; and P, be the t-Popov basis of M,. Then, by the
items (i) and (iii) above, P,P, is a s-ordered weak Popov basis of M. Thus, from (Jeannerod
et al., 2016, Lem. 3.3), it is enough to show that the s-pivot degree of P,P; is d; + 65, that is,
rdeg,(P,P;) = s+6; +6,. This follows from the predictable degree property, since rdeg,(P,P;) =
rdegt(Pz) =t+ 62 = rdegs(Pl) + 62 =S+ (5] + 62. O

Now, consider the case where the basis P of M, already has some rows in M: we show that
we may directly store these rows in the basis P, and that in order to obtain P, we may focus only
on the rows of P; not in M. In the next lemma, we use notation from Lemma 2.4.

Lemma 2.5. Let k € {0,...,m} and let ® be an m X m permutation matrix such that the first k

.....

.....

.....

,,,,,

ordered weak Popov form. Hence the conclusion, by the first and third items of Lemma 2.4. [

2.3. Computing residuals

Approximant basis algorithms commonly make use of residuals, which are truncated matrix
products PF mod X9 . Here, we discuss their efficient computation in two cases: when we control
deg(P), and when we control the average column degree of P.

Lemma 2.6. Let P € K[X]"™" and F € K[X]™". Then,
o for d,o € Zso such that deg(P) < d and |cdeg(F)| < o, one can compute PF using
0([%] MM(m, d)) operations in K;

e ford € Z., and o > m such that |d| < o and |cdeg(P)| < o, one can compute PF mod x4
using O(MM(m, o /m)) operations in K, assuming n < m.
10



Proof. For the first item, we use column partial linearization on F to transform it into a matrix F
with m rows, n+0/(d+1) columns, and degree at most d. Then, we compute PF, and the columns
of this product are compressed back to obtain PF. More details can be found for example in the
discussion preceding (Jeannerod et al., 2016, Prop. 4.1).

For the second item, using column partial linearization on P we obtain P € K[X]™" such
that m < m < 2m, deg(P) < [o-/m], and P = PC where the form of C € K[X]™" is as in Eq. (7).
Then PF mod X¢ = P F mod X¢ , where F = CF mod X? is obtained for free since each row
of C is of the form [0 --- 0 X* 0---0] for some a € Zso. Now, up to augmenting P with
7 — m zero rows, we can apply the first item to compute P F. Here we take d = [o-/m], implying
o/(d+ 1) <mandthus (n+o/(d+ 1))/m < 2, since m > m > n. Hence, computing P F costs
O(MM(m, [o/m1)) operations, which is within the claimed bound since m < 2m and o0 > m. [

2.4. Computing matrix products via approximant bases

Consider a constant matrix F € K™" and d = (1,..., 1); note that oo = n. Then, as detailed
in Section 3, finding the s-Popov basis of A4(F) is equivalent to computing a left nullspace basis
in reduced row echelon form for the matrix F with rows permuted according to the entries of s.
The multiplication of constant matrices can be embedded in such nullspace computations. More
generally, any algorithm for Problem 1 can be used to multiply polynomial matrices, following
ideas from (Sarkar and Storjohann, 2011).

Lemma 2.7. Let P be an algorithm which solves Problem 1. Then, for A,B € K[X]™™ of degree
at most d, the product AB can be read off from the output of P(d, F, 0), where

X2y, B
_y2d+1 2d+1

d=(6d+4,...,6d+4) and F = X—I A X 0 L, c K[X]4m><2m,
0 1,

Proof. This follows from the results in (Sarkar and Storjohann, 2011, Sec. 4 and 6), which imply
that the 0-Popov left kernel basis of F is

I, 0 X, B
A I, 0 AB + X?1],

and appears as the last 2m rows of the 0-Popov basis of Ag(F). ]

2.5. Stability of ordered weak Popov forms under some permutations

When computing a basis of Aq(F), it is sometimes useful to permute the rows of F, that
is, to consider Ag(nF) for some m X m permutation matrix . Then, it is easily verified that
an s-minimal basis P for Ay(xF) yields an sw-minimal basis P of Ag(F). However, the more
specific weak Popov forms are not preserved in process: if P is in s-weak Popov form, then the
column permuted basis Pzr might for example have all its szr-pivot entries in its last column. Still,
for specific permutations and when considering a submatrix of Pz, we have the following result
(we remark that it will only be used in Section 7.1).

Lemma 2.8. Let 1 < n < mand consider a partition {1, ...,m} ={i1,...,5,}U{j1,..., jmn} with

(ik and (ji)x both strictly increasing. Let further m = (m; ;) be the m X m permutation matrix

such that my;, = 1 for 1 <k <nand myypj, = 1for1 <k <m-—n, andlets = (s;) € Z". Then,
11



o if a matrix P € K[X]™"™ is in s-ordered weak Popov form, then the leading principal n X n
submatrix of aPrlisin (Siys - - -, Si,)-ordered weak Popov form;
e for atuple d € Z;" and matrices P € K[X]™" and Q € K[X]™X=" if the matrix

~ (P
P — |:0 )21:| c K[x]mxm

is in s-ordered weak Popov, then n~'Pr is in sm-ordered weak Popov form.

Proof. Concerning the first item, let t = (s;,,...,s;,) and write [p; ;] for the entries of P. Then,
the leading principal n X n submatrix of aPr!is [PiiiJi<k.e<n- Now, Im¢([p;, ;1) is the subma-
trix of Img(P) formed by its rows and columns indexed by (iy,...,,), and Img(P) is unit lower

triangular since P is in s-ordered weak Popov form. Since i} < --- < i,, Im¢([p;, ;,]) is unit lower
triangular as well, and therefore [p;, ;, ]1<«¢<n is in t-ordered weak Popov form.

For the second item, we prove that the sm-leading matrix of 7~ 'Pr is unit lower triangular.
For 1 < k < m — n, the row j; of a'Pris [0 --- 0X%0 --- 0] with X% at index ji; thus, the
row jj of lms,,(n'"f’n') is[0 -+ 010--- 0] with 1 on the diagonal. It remains to show that, for
1 < k < n, the row iy of lms,r(zr“f’yr) has the form [* --- % 10 --- 0] with 1 on the diagonal.

Equivalently, writing (3;); = s, and [p;]; for the row i; of 7~' P, it remains to show that

P, is monic, and for 1 < j < m we have { gzgj; I ;j i g:igz; __:: ;z gj i ii’ 4)
Writing P = [p;;] and Q = [g;;], we have by construction p;, = pe and §;, = s for 1 < € < n,
and pj, = qxe and §;, = 5,40 for 1 < € < m — n. Since P is in s-ordered weak Popov form,

® D = pi, is monic;

o deg(grr) + Sp+e < deg(pix) + si holds for 1 < € < m — n, hence Eq. (4) for j € {ji,..., je};

o deg(pir) + s¢ < deg(pix) + s holds for £ > k, hence Eq. (4) for j € {ix+1,...,0m};

o deg(pir) + s¢ < deg(pix) + s holds for € < k, hence Eq. (4) for j € {iy,...,i}.
Thus Eq. (4) holds and the proof is complete. O

3. Algorithm PM-Basis: approximant bases via polynomial matrix multiplication

In this section, we focus on the case of a uniform order, that is, d = (d,...,d) € ZZ, and
2003, Algo.PM-Basis) computes an s-minimal basis of Ay(F) using O((1 + n/m)MM’(m, d))
operations; this is in O"(m“~'o) when n € Q(m).

PM-Basis follows a divide and conquer approach, splitting the instance at order d into two
instances at order d/2 and combining the recursively obtained bases by polynomial matrix multi-
plication. Here, we describe PM-Basis with a modified base case (d = 1), ensuring that it returns
the normalized basis. As a consequence, the whole algorithm returns an s-ordered weak Popov
basis; this has the advantage of directly uncovering the s-minimal degree of A,(F), a fact used
several times in this paper.

We now consider the base case: d = 1 and F € K™ is constant. Then, we will see that the
s-Popov basis of A, (F) has two sets of rows: rows corresponding to a nullspace basis for F, and
elementary rows of the form [0 --- 0 X O -.- 0]. Algorithm 1 is a modified version of
(Giorgi et al., 2003, Algo. M-Basis with d = 1), and also a specialization of (Jeannerod et al.,
2017, Algo.9) when the multiplication matrix is zero.

12



Algorithm 1 — M-Basis-1 (Popov basis at order (1,...,1))

Input:
e constant matrix F € K™,
e shifts € Z™.

Output: the s-Popov basis of A; (F).

1. 7y « m X m permutation matrix such that g [(sy, 1) -+ (s, m)]" is lexicographically
increasing

2. (p,L) € ZL, x K™ « row rank profile of 7gF, and L-factor in the LSP decomposition
of 7 F, where L, ; is an identity column for j ¢ p

3. M € K™ « matrix whose ith row is L;, with negated off-diagonal entries if i ¢ p,
and is the identity row if i € p

4. Pe K[X]™" « the matrix X*M with g = [u,...,u,] such that y; = 1if i € p, and
u; = 0 otherwise

5. Return r;'Pr

Proposition 3.1. Algorithm 1 is correct and uses O(r“~>mn) operations in K, where r is the rank
of F.

Proof. Concerning the cost bound, the LSP decomposition at Step 2 uses O(r“~>mn) operations
(Storjohann, 2000, Sec. 2.2), and reveals the row rank profile.

For the correctness, we prove the following three properties: all the rows of the output P =
g P are in A; (F), the rows of P generate A (F), and P is in s-Popov form.

First, we have that PF = 0 mod X since the rows of P are either multiples of X or, by
definition of M, in the left nullspace of F. Indeed, by property of the LSP decomposition, the
rows L; ., with negated off-diagonal entries for all i ¢ p form a basis of the left nullspace of xsF.

Second, we show that any p € A (F) belongs to the row space of P. Writing p = qX +r with
r € K™ we have ¢X = ¢X'"* X+ = qr;'M~'X!"#n,P. Furthermore, pF = rF = rn;'n,F =
0 mod X, and therefore rz;! = AM for some A = [1;]; € K™ such that A; = 0if i € p. Recalling
that y; = 0if i ¢ p, we obtain r = AX* Mng = AngP.

Finally, we prove that P is in s-Popov form. By construction, IA’*‘_,- is the jth column of the
identity if j ¢ p, while for j € p, it has constants everywhere but at position j, where p;; = X. It
follows that Imy(PT) = L, and it is then easily checked that Img(PT) = L,..

It remains to prove that Img(P) is unit lower triangular, or, equivalently, that the entries [p;;];;
of P satisfy

deg(pij) + s; < deg(py) +s;  if j <1,

deg(pij) + s; < deg(py) +s; if j>i. )

pii 1s monic and {
Writing [1 --- m]ng = [7; --- 7m,], we have p;; = Pri; for all i, j. If P;. is nonconstant,
then so is IA’,,‘.,* and thus, by construction, its only nonzero entry is p., = X. Hence P;, =
[0---0XO0 --- 0] with X at index i, so that Eq. (5) holds.
Let now P; . be a constant row. In this case, f’m,* is constant as well and p,,, = 1. Conse-
quently, p; = 1 and Eq. (5) is now equivalent to

if(j<iands; > s;)or(j>iands;>s;), then p;; = 0.
13



Now, by definition of 7y, if i and j are such that s; > s;, or such that s; > s; and j > i, then
nj > m;. Since P is lower triangular, this implies p,., = 0, thatis, p;; = 0. O

Now, we recall PM-Basis in Algorithm 2. Note that it computes a basis of degree at most d,
although there often exist s-minimal bases with larger degree. As a result, the two bases obtained
recursively can be multiplied in MM(m, d) operations.

Algorithm 2 — PM-Basis (Minimal basis for a uniform order)
Input:

e orderd € Zy,

e matrix F € K[X]™" of degree less than d,

e shifts e Z".

Output:
e an s-ordered weak Popov basis of A, (F) of degree at most d.

1. If d = 1 then return M-Basis-1(F, s)
2. Else:
a. P, « PM-Basis([d/2], F mod X/%/?1 s)
b. G « (X7T92IP;F) mod X'/2}; t « rdeg (P;)
c. P, « PM-Basis(ld/2],G,t)
d. Return P,P;

Proposition 3.2. Algorithm 2 is correct and uses O((1 + - )MM'(m, d)) operations in K.

Proof. From Proposition 3.1, Step 1 computes the s-Popov basis of A; (F), which has degree at
most 1. Then, it follows by induction that the output has degree at most d = [d/2] + |d/2], and
items (i) and (iii) of Lemma 2.4 prove the correctness.

For the cost analysis, let us assume that d is a power of 2. From Proposition 3.1, Step 1
uses O(m®'n) operations. The tree of the recursion has d leaves, which altogether account for
O(m“~'nd) field operations. Note that m“~'nd € OC-MM’ (m, d)).

Then, there are recursive calls at Steps 2.a and 2.c, in dimension m and at order d/2. The
residual G at Step 2.b is obtained from the product P, F, where P, is an m X m matrix of degree
at most d/2, and F is an m X n matrix of degree at most d. This product is done in O(MM(m, d))
operations if n < m, and in O(::MM(m, d)) operations if m < n. The multiplication at Step 2.d in-
volves two m X m matrices of degree at most d/2, and hence is done in O(MM(m, d/2)) operations
in K. The cost bound follows. O]

Based on Lemma 2.3, we show how to obtain the s-Popov approximant basis using two calls
to PM-Basis (Algorithm 3). This yields an efficient solution to Problem 1 when the order is
balanced as in Hy, and proves the first item of Theorem 1.2. Note that here we allow the order
to be non-uniform, based on the following remark.

Remark 3.3. Letd € Z! and F € K[X]™". Then, for any d’ € 77, such thatd” > d, we have
Ag(F) = Ag (FX¥~). In particular, algorithms for uniform orders can be used to solve the case
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for a balanced order (d such that Hy: d € O(o/n)), PM-Basis uses O((1 + n/m)MM’ (m, o/n))
operations, where o = |d|. O]

Algorithm 3 — Porov-PM-Basis (Popov basis for a balanced order)

Input:
e orderd e Z’;o,
e matrix F € K[X]™" with cdeg(F) < d,

e shifts € Z™.
Output: the s-Popov basis of Ay (F).

. P « PM-Basis(d, G, s)

. 0 « the diagonal degrees of P
. R « PM-Basis(d, G, —9)

. Return Im_s(R)"'R

T NIRRT SR

The correctness of Algorithm 3 follows from that of PM-Basis, and from Lemma 2.3 and Re-
mark 3.3. Besides, the cost bound O((1 + n/m)MM’(im, d)) follows from Proposition 3.2, noting
that Step 5 uses O(m®“d) € O(MM’(m, d)) operations since deg(R) < d.

4. Reduction to the case n < m

Letd = (dy,...,d,) € ZZ,, F € K[X]™" such that cdeg(F) < d, and let s € Z™. In this
section we assume n > m, which also implies o = d| + - - - + d, > m, and we present an efficient
procedure relying on PM-Basis to reduce to the case n < m.

Here is an overview of the reduction; for simplicity, we assume d; > --- > d,. Then, we
consider the truncated order d’ = (d,,,...,dn, dps1,...,d,) € Z’lo and the truncated matrix
F’ = Fmod X% ; we will compute a basis P of Ag (F’). Then, defining the residual order
d=d- d’, the residual matrix I = PF’ mod Xa has fewer nonzero columns than it has rows.
Furthermore, Lemma 2.4 shows that for any basis P of ﬂ&(f'), the product PP is a basis of Aq(F).

Below, we detail how to efficiently obtain P and the residual instance (&, ﬁ‘) (Algorithm 4).
We now give an overview of this algorithm, assuming that d,,, . . . , d, are powers of 2, for ease of
presentation. How to reduce to this case follows from Remark 3.3.

Then, denoting by ¢ the integer such that d,, = 2, we define

vi = Card({j € {1,...,n} | d; =27

for0 <i< ¢ aswell as vy 1 = n—vy—---— v This can be illustrated as follows:
m
d = (>20,...,>20 20,20, 20t 20 L),
———— e ——— ———
Vil Ve V-1 Yo

Furthermore, we let u; = vep+ve+---+v; = max{j | d; = 2/}, Then, guided by this decomposition
of d, we obtain P in O(MM'’(m, o-/m)) operations via £ + 1 calls to PM-Basis. This is faster than
15



the straightforward approach consisting in a single call to PM-Basis with order d = 2¢ € O(c/m),
which uses O(:;-MM’(m, o-/m)) operations.

The first call is with d = 1 and computes an approximant basis Py for all ¢y = n columns
of F mod X. After this, we are left with the residual matrix G = X~'PyF and the order (d; —
1,...,d,—1), whose last v entries are zero. Thus, the second call is with d = 2! —2° = 1 and for
the y; = n — vy first columns of G mod X, giving an approximant basis P;. Then PPy is a basis
of Ap,..2(F). Considering the residual G = X 2P 1PoF, the th1rd call is W1th d=22-2'=2

,,,,,

a basis of Ay, 4)(F). Continuing this process until reaching the order (2[ ,2‘7), we obtain

P =P, --- Py, and we are left with a residual matrix having v¢,1 = pg+1 < m columns.

Algorithm 4 — RepuceCoLDim (Reduction to n < m via PM-Basis)
Input:
e orderd = (dy,...,d,) € ZI, withd, > --- > d,,,
e matrix F € K[X]"" with cdeg(F) < d and n > m,
e shifts € Z™.
Output:
. a:(dl— e dy, — dm)€Z>0,wherev=maX{j|dj>dm},
F = xdn [(PF*J) mod X%|---|(PF.,) mod X%] € K[X]™,
§ = rdeg,(P) € Z™,
P an s-ordered weak Popov basis of Ay_4 ¢, (F).

dj « 2Moel form < j<n;andd; « d; +d, —d, for1 < j<m
F « FX94 whered = (d,,...,d,)
. — log2(cim);u,~ — max{J | cz,- > 2 for1 <i< ¢ and v« max{j| c?j > 26
P~ M-BASIS—I(F mod X, s)
. Forifrom1to¢:
a. G « (X 2'P[F. |- --|F.,]) mod X"
b. P; «— PM-Basis(2'"!, G, rdeg (P))
c. P— PP
6. d « (d) —dy,...,d, —d,); and § « rdeg,(P)
. ¥ « X~ [(PF, ) mod X*|---|(PF,,) mod X%]
8. Return (d,F,8,P)

N

|

PropOSItlon 4.1. Algorithm 4 is correct and uses O(MM (m, o /m)) operations in K, where o =
di + .-+ + d,. Furthermore, the output is such that ¥ has m rows and v < m columns, |d| < o,
deg(P) < 20 /m, and for any basis Q of .?Id(F), then QP is a basis of Aq(F).

Proof. Steps 1 and 2 compute d and F such that (d;);s,, are the powers of two just larger than
(d)ism», and Ag(F) = ﬂa(F) (see Remark 3.3). Step 3 defines parameters, and Step 4 computes
the s-Popov basis P of Ay 1)(F).

Then, Lemma 2.4 shows that we have the following invariant for the loop at Step 5: at
the end of the iteration i, P is an s-ordered weak Popov approximant basis for F at order
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..., 2i,J#i+1, . ,J,l). Thus, after exiting the loop, P is an s-ordered weak Popov approxi-
mant basis for F at order

(25, .- '52[’d~y[+l,” ~’Jn) = (me '~,dmadm+1" .- ,(Zn) = a - (aao)
By choice of F, we obtain that P is an approximant basis for F at order
d—(d,0)=(dy,....dp,dpi1s-...dy).

In particular, it follows from Lemma 2.4 that QP is a basis of Aq(F).

Now, concerning the cost bound, Proposition 3.1 states that Step 4 costs O(m®~'n) operations,
since n > m. This is within O(MM’ (m, o/m)), since we have m“~'n € O(MM (m, n/m)), with
n < 0. The resulting basis P has degree at most 1. _

To obtain the residual at Step 5.a, we compute P[F, |- --|F, ] mod X*; this is done in
O(%MM(m, 2/)) operations since y; > m. Then, according to Proposition 3.2, Step 5.b uses
O(EIMM'(m, 2-1)) operations and deg(P;) < 2~'. Thus, at Step 5.c we multiply two m X m
matrices of degree at most 2/~!, which uses O(MM(m, 2')) operations.

Altogether, the loop at Step 5 uses O(3<;<¢ % MM’ (m,2-1)) € O(MM’(m, o-/m)) operations
in K, where we prove the inclusion as follows. By definition of MM’(., -),

> EMMn, 27 = i i1\ (m, 2%
1<i<t 1<i<t, 0<k<i
<23 27T MM (m, 2%) < 2MM (m, o/ m).
m
0<k<t

Both inequalities are consequences of the construction of d: the first one follows from
20020l = dy + -+ dy + (e — pree)20 -+ = )2+ (=) 2 Tger 27
while the second one comes from the fact that we have £ — 1 < log(c/m) since
m2l =md, <d, +---+d, <|dl <20.

Finally, the matrix I at Step 7 is directly obtained from the product P[F, ;|---|F,,]. This
is computed in O(MM(m, o-/m)) operations, according to the first item of Lemma 2.6 with d =
20 /m, noting that (v + o-/(d + 1))/m < 2 since v < m. ]

As a result, we obtain the second item in Theorem 1.2; we only consider the case n > m,
hence also o > m, since otherwise the claimed bound follows from that of the first item in the
same theorem. We first apply Algorithm 4 to reduce to the column dimension in O(MM’ (m, o~/ m))
operations. This gives a first basis, in s-ordered weak Popov form, and a new instance (a, l:‘, S).
Then we compute a second basis, in §-ordered weak Popov form for ﬂa(f*“), via Algorithm 2;
since F has fewer columns than rows by construction, this uses O(MM'’(m, max(d))) operations.

Multiplying both bases costs O(MM(m, o/m + max(d))) and yields an s-ordered weak Popov
basis of Ag(F); to obtain the canonical basis, one would rather simply deduce the s-minimal
degree ¢ from the two bases, and then either restart the process with the shift —¢ (similarly to
Algorithm 3) or call the algorithm in the next section.
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5. Computing approximant bases when the minimal degree is known

Let (d,F,s) be the input of Problem 1, and suppose that the s-minimal degree § € Z7,
of Ay(F) is known. In this context, Lemma 2.3 suggests that we may focus on computing a
basis R of Ay(F) which is —§-minimal; then, the s-Popov basis can be easily retrieved via the
constant transformation Im_s(R)~'R. An obstacle towards computing R efficiently is the possible
non-uniformity of § = cdeg(R), which also impacts the shift —§. As sketched in Section 1
and in Fig. 1 (bottom), we handle this in Algorithm 5 by using the partial linearizations from
(Storjohann, 2006) which allow us to compute R using essentially one call to RepuceCoLDm
and then one call to PM-Basis. We defer the proof of Proposition 5.1 to Section 5.3, and we first
present the partial linearizations.

Algorithm 5 — KNowNDEGAPPBASIS (Popov basis for known minimal degree)

Input:

e orderd e Z:o’
matrix F € K[X]"™" with cdeg(F) < d,
shifts € Z™,

the s-minimal degree § € ZZ, of Aa(F).
Output: the s-Popov basis of Ag(F).

1. /* Output column linearization = balanced minimal degree */
6 < [Id|/m]
(-0, C, (@;)1<i<m, m) < CoLPARLIN(d, F, -4, 8, max(—4)) // see Section 5.1
2. /* RepuceCoLDim = fewer columns than rows */
permute d into nonincreasing order, and permute the columns of F accordingly
@.F.-5.R)) { REDUCECOLDH\;I(d,_CF mod X4, -6) ?f n> T
(d, CF mod X%, -4, L) ifn<m
v « the number of columns of F // FeK[X]™ with v<m
3. /* Overlapping linearization = balanced order and dimensions */
Construct £L5(d) € 7737 and Ly s(B) € K[X]7*7X0+9) a5 in Definition 5.4
t—(=6,-6,...,-6) € 277
4. /* Compute approximant? basis for linearized instance */
d — max(Ly@); A < (d,....d) - Ls(@d)
P — PM-Basis(d, Ly ;(F)X2, 1)
5. /* Deduce basis for original instance and normalize */
R, « leading principal 7 X m submatrix of P
R « submatrix of R;R;C formed by its rows at indices @} + --- + @; for 1 <i<m
Return Im_s(R)"'R

Proposition 5.1. Algorithm 5 is correct and uses O(MM’(m, o/ m)) operations in K, where we
assume that o = |d| € Q(m).

5.1. Output column linearization to balance the output degrees
Here, we detail the transformation used in Step 1 of Algorithm 5, for which we closely follow
ideas from (Storjohann, 2006, Sec. 3) and (Zhou and Labahn, 2012, Sec. 6). Yet, there are a few
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differences linked to our goal of computing bases in Popov form or in ordered weak Popov form.

This transformation corresponds to modifying the input matrix F and the input shift s so that
the computed basis P is a column partial linearization of the sought approximant basis P, the
benefit being that P has uniformly small degrees. Like all partial linearizations, this increases the
matrix dimensions, m in this case. This transformation is thus mostly useful when we are able to
predict which columns of P may have large degree: then, we only perform partial linearization
for the columns that require it, and m is typically at most doubled. If the prediction was not
completely accurate, this will only yield a subset of the rows of P (see Section 7.2).

Here, knowing the shifted minimal degree gives us precisely the column degree of the sought
basis P. Thanks to this information, the original transformation of Storjohann (2006, Sec. 3)
allows us to reduce to the case where the output has degree in O(o-/m), and yet to retrieve the full
Popov approximant basis P. This has already been stated in (Jeannerod et al., 2016, Lem. 4.2) in
a more general context; for the purpose of this section, the latter result would be sufficient.

Still, in Section 7.2 we will meet situations where the s-minimal degree is not available a
priori, but where assumptions on the shift allow us to guess the locations of large degree columns.
This leads us to present, in the next lemma, the details of a more general transformation similar to
that in (Zhou and Labahn, 2012, Sec. 6); in Corollary 5.3, we apply it to the specific case where
the minimal degree if known. For more insight into this transformation, we refer the reader to
the latter reference as well as (Storjohann, 2006, Sec. 3).

From the next lemma we derive a procedure CoLParRLIN which, on input (d, F, s, 6, 7), returns
the partial linearization parameters (S, C, (@;)1<i<m, m). It is used in Algorithms 5 and 8.

Lemma 5.2. Letd € Z, let F € K[X]™" with cdeg(F) < d, and let s € Z". Then, consider a
degree ¢ € Z for partial linearization and an integer parameter t € 7.

Define the shift t = (t1,...,1,) = s —max(s) + ¢ € ZZ,, and for each i € {1,...,m} write
—t; = (a; — 1) + B; with a; = [—t;/0] and 1 < Bi<doift <0, and with a; = 1 and B; = —t; if

t;20. Letm = a; + - - + a,,, and define the shift s € Zfo as

§=(=0,....,—0,—f1,...,=0,..., =06, —Bm). 6)

@] [

We have —6 <'s < max(t,—1), and if t > 0 then m < m < m + |max(s) — s|/6. Define also the
compression-expansion matrix C € K[X]™™ as the transpose of

1 x9 ... Xx@-Ds
C’= ) (7
1 X5 ... X@u-1s

Then, Ag(F) = Aq(CF mod X)C. Furthermore, fori € {1,...,m),
o Ifp € K[X]1™" has s-pivot index a; + - - - + a; and s-pivot degree y, then pC has s-pivot
index i and s-pivot degree y + (a; — 1) =y — t; — Bi.
e Ifp € K[X]™™" has s-pivot index i and s-pivot degree y > —t;, then p = pC for some
P € K[X1™ which has s-pivot index a| + - - - + a; and S-pivot degree y + t; + B;.
Now, let § = (61,...,0,) € L2 be the s-minimal degree of Ag(F), let P € K[X]™™ be an s-
grdered weak Popov basis of Aq(CF mod X9), and leti € {1,...,m}. If6; > —t;, Lhe approximant
Py s ta;+C € Aa(F) has s-pivot index i and s-pivot degree 6;. Furthermore, if Py, y...sq, . has s-

pivot degree more than B; (o1, equivalently, rdegg(Fw...mi,*) > 0), then 6; > —t,.
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Proof. If t > 0, for all i we have @; < 1 + (¢ — #;)/6 since ¢t > t;. Hence the bound on m. The
bound on s follows from min(—t, 1) = min(—¢, 1) < B; < §, which holds by definition.

The inclusion Ag(F) 2 Ag(CF mod X%)C is obvious: any p € Aq(CF mod X?) satisfies
pCF = 0 mod X¢ by definition, hence pC € Ay(F). Conversely, since C contains I,, as a
submatrix, from p € Agq(F) one can easily construct p such that p = pC; then we have pCF =
pF = 0 mod X¢, hence p € Ag(CF mod X?) and therefore p € Aq(CF mod X¢)C.

Let p be as in the first item, and let p = pC. We write p = [p;li<j<m» P = [p)li<j<m> and
S = [Sjli<j<m. Our assumption on the s-pivot of p implies that deg(p;) <y — B; —; holds for
1 < j < m, with equality if j = a| + - + @; and strict inequality if j > @) + - - + @;. Now, by
construction we have p; = Y1<i<q; Poy sty X+ for 1 < j < m, hence

deg(p) <¥—Bi+Bj+(aj—1)s=5-Bi—1;,

with equality if j = i and strict inequality if j > i. Thus, p has t-pivot index i and t-pivot degree
y — B; — t;; its s-pivot index and degree are the same since s and t only differ by a constant.

Let p be as in the second item, and write p = [p;]i<j<n. We define p = [Pili<kam € KX
as the (unique) vector such that p = pC and deg(p;) < §ifk ¢ {a; +--- + @;, 1 < j < m}. Thus,
the entry Py, ..., is the nonnegative degree part of X~*~"p;. In particular, for j = i, since by
assumption deg(p;) = y > max(—,0) > (@; — 1)6, we obtain that p,, ,..,,, has degree exactly
deg(p;) — (a; — 1)6 = y +1t;+B;, which we denote by y. Then, our assumption on the s-pivot index
and degree of p, which are the same as its t-pivot index and degree, implies that

deg(ﬁalJr...Jraj) < deg(pj) - (CY]‘ -1Do<y+t—- tj— ((Yj -1D)o=y+ EQI"'“""Q; - E(l|+---+(l//"

where the second inequality is strict if j > i. Furthermore, for k ¢ {a) +---+a;,1 < j < m},
the requirement deg(p,) < § = —s; implies that deg(p;) + 5, < 0 <y +t;, =y + ;. Thus, p has
s-pivot index @ + - - - + @; and s-pivot degree .

Now, letp = §QI+...W“*. We note that pC € Ag(F) and that p has s-pivot index a; + - - + @;
since P is in 5-ordered weak Popov form; let  be the §-pivot degree of p.

Then, from the first item we obtain that pC has s-pivot index i and s-pivot degree y — t; — 5;;
this must be at least §; by minimality of . On the other hand, the second item implies that there
exists an approximant in Ag(CF mod X9) which has s-pivot index a; +- - - +; and s-pivot degree
8; + t; + fBi; this must be at least 7 by minimality of P. Thus, we have ¥ — ; — 8; = 6;.

To prove our last claim, we assume that ¥ > (;, and we show that §; < —t; leads to a
contradiction. Indeed, in this case there exists p € Aq(F) with s-pivot index i and s-pivot degree
¥ = —t;. Then, the second item shows the existence of an approximant in Agq(CF mod X¢) with

s-pivot degree y + t; + 8; = B; <7, which is impossible by minimality of . O

Corollary 5.3. Letd € ZZO, let F € K[X]™" with cdeg(F) < d, lets € Z™, and let § € Z’Z”O be
the s-minimal degree of Aq(F). Choosing parameters 6 > [|6|/m] and t = max(-6), we apply
the construction of Lemma 5.2 to obtain (s, C, (@;)1<i<m, m) = CoLPARLIN(d, F, -6, 6, ?).

Then, we have m < < 2m, -6 <5 < 0, and s = —6 where 6 is the S-minimal degree of
Aa(CF mod X%). Let P € K[X]™™ be an s-ordered weak Popov basis of Aa(CF mod X%) and
R € K[X]™ be the submatrix ofl_’Cformed by its rows at indices {a1+- - -+a;, 1 <i < m}. Then,
R is a —6-ordered weak Popov basis of Aa(F) and therefore, as a consequence of Lemma 2.3,
Im_s(R)"'R is the s-Popov basis of Aq(F).
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Proof. The bound on s follow from that in Lemma 5.2. Here, we have «; = [§;/0] < 1 + §;/6 for
1 <i<m,hence m < m+|0]|/6 < 2m. Furthermore, —t = § by definition, and thus —t < §. Then,
the last claim of Lemma 5.2 shows that R is a —§-ordered weak Popov basis of Ag(F).

Our claim on § can then be showed using the minimality of § and the arguments used for the
items of Lemma 5.2. For more details, the reader may refer to the proof of (Jeannerod et al., 2016,
Lem. 4.2) which contains an explicit description of the s-Popov basis of Ag(CF mod X%). [

5.2. Overlapping linearization to balance orders and dimensions

Now, we study Step 3 of Algorithm 5: assuming that the shifted minimal degree is known,
balanced (Step 1), and that n < m (Step 2), we reduce to an instance solved efficiently by PM-
Basts. Namely, we use the overlapping linearization of Storjohann (2006, Sec.2) to further
transform the instance of Problem 1 into one with a balanced order and n € ®(m). In the latter
reference, as well as in (Zhou and Labahn, 2012, Sec. 3), this linearization has been considered in
the case of a uniform orderd = (d, ..., d). Here, we extend the construction to arbitrary orders,
and we show how it can be used in our specific situation where the s-minimal degree is known.

We first give an overview of the construction and of its properties. Letd € ZZ, and F €
K[X]™" with cdeg(F) < d, and choose a positive integer 6. Then, we build a matrix Lgs(F) €
K[X]0m0x@+0 and an order L(d) € Z" such that

o the largest entry of the order Ls(d) is at most 20,

e the increase in dimension satisfies n < o-/8, where o = |d|,

e approximants p € Ag(F) of degree at most 6 correspond to approximants [p q] €
Arsa)(LasF)) for some q of degree less than rdeg(p).

The last item, stated in Lemma 5.5, gives a link between the original approximation instance
and the one obtained via the overlapping linearization. This induces a method to retrieve a
minimal basis of the original instance via the computation of a minimal basis for the transformed
instance, assuming we choose ¢ as an upper bound on the degree of the former basis; this is
detailed in Lemma 5.6.

The first two items are direct consequences of the construction, given in Definition 5.4. They
specify the dimensions of the transformed instance. In general, the s-Popov approximant basis
may have degree up to o, in which case one has to choose § > o; then, the construction is point-
less since it does not decrease the entries of the order. However, in the context of Algorithm 5,
one has already applied the output column linearization of Section 5.1, thus ensuring that § can
be chosen to be about o-/m. Then, the new order is balanced and the dimension increase is only
about m: the transformed instance can be solved efficiently using a single call of PM-Basis. More
details about Step 3 of Algorithm 5 can be found in Section 5.3.

Let us now present the construction of Lgs(F) and Ls(d).

Definition 5.4. Lerd = (dy,...,d,) € 2", let F € K[X]"™" with cdeg(F) < d, and let § € L.

Then, for 1 < i < n, letd; = ;0 + ; with a; = [% - 1-‘ and 1 < B; < 6. Considering the ith
column of F, we write its X°-adic representation as
— O (D) 36 (@) ya;6
F.=F;+F X"+ - +FX"
where cdeg((F”) F .. F) < (5,....6,8).

Then, if a; > 1 we define

F,=[FO+F)x0  FO+FOx% . FOD L FOX0) e KX
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and the matrix E; = [0 1] € K[X]@~ V%% and otherwise we let F*,i =F., and E; € K[X]™!
The overlapping linearization of F with respect to d and § is defined as

F*,l F*,Z e F*,n
E,
Ld,&(F) = E, c K[X](m+ﬁ)x(n+ﬁ)’

E,
where n = max(a; — 1,0) + - - - + max(«, — 1,0). Furthermore, we define
L) = (d,,....d,) € ZL,,

where d; = (26,...,26,6 +3;) € 7% ifa; > 1 and d; = d; otherwise.

The next lemma gives a correspondence between the approximants of degree bounded by
in Aq(F) and in A r,)(La,sF)). It uses notation from Definition 5.4.

Lemma 5.5. Letd € Z’;O, let F € K[X]™" with cdeg(F) < d, and let § € Z~q. Then,

o If a vector p € K[X]™" is in Aq(F), then there exists a unique q € K[X]"" such that
[p ql € Ag@(Las®), rdeg(q) < rdeg(p), and cdeg(q) < Ls(dET where E =
diag(Ey, ..., E,). Explicitly, it is defined as q = —p[F,; --- F,,]ET mod X£@E"

e If[p q] € KIX]™X"™ js in Ay a)(Las(F)) and such that rdeg(q) < 6 and rdeg(p) < 9,
then p € Aq(F), in particular, rdeg(q) < rdeg(p).

Proof Concernmg the first item, we first consider i € {1,...,n} such that a; € {0, 1}. Then, we
have F,; = F.;, d; = d;, and E; € K[X]*'. Defining q; as an empty matrix in K[X]"°, the

identity pF.; = 0 mod X% can be rewritten as pf*,i + q;E; = 0 mod X4,

Now, for i such that a; > 1, we define q; = [q1; *++ Ga,—1.] € K[X]™@D a5
qji =X Jﬁp(F(O) F(/l Dy (i~ 1)(5) mod X2 for 1 < j<ai-1, "
Qa1 = X~ 1)5p(F(0) . F(a, 2) g~ 26) mod X1

These are polynomials since pF.,; = 0 mod X%, and rdeg(q,) < rdeg(p) holds since by construc-
tion cdeg(F( )) < ¢forallk. For j < a; -1, p(F(O) F(’H)X(J“)‘s) = 0 mod XU*?% becomes

qi X7 + p(F(J)X/5 + FUIVX0+D9) = 0 mod XU*2°, hence p(F(’) +FUDX%) + ¢j; = 0 mod X%
Similarly, we obtain p(Fi"i‘ Dy Fi"l 'X%) + g;; = 0 mod X**#_ In short, we have

b al [IH — 0mod X% where & = (26,...,26,6 + ). ©)

Thus, by construction of Lgs(F) and Ls(d), we have [p q; --- q,] € A, (LasF)). Besides,

we have proved the degree bound for [q; --- q,]; the explicit formula follows from Eq. (9),
since the latter gives q; = ¢;E;E] = —pF, ;E] mod XAE]

Now, we prove the second item. We write q = [q; --- q,] with q; € K[X]™? if o; € {0, 1}

and q; = [q1,- - +»qa,-1.] € KIX]™@ D if @; > 1. Leti € {1,...,n}. If a; € {0, 1}, then we have
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pF.; = 0 mod X%, If a; > 1, then the identity in Eq. (9) holds and yields
p(F” + F'X°) = 0 mod X%,
pFY + FV/IVX%) = —g;; mod X*  for1 < j<a;-2,
pEY™ + FOX%) = —g,, 1, mod X°*,
where q; = [q1, - - . » qa,—1.:]. The first identity and the second one for j = 1 imply that
p(F” + FX° + FX?) = pF") - ¢1,;X° = 0 mod X*;

using the bounds rdeg(q) < ¢ and rdeg(p) < 6 we obtain q;; = X"spFi(?i) and pF,; = 0 mod X%,
Then the same arguments with the above identity for j = 2, we obtain g, ; = X’Z‘sp(Ffi) + Ff:i)X‘;)
and pF.; = 0 mod X*. Continuing this process, we eventually obtain pF,; = 0 mod X%. O

We now show that the s-Popov basis P of Ag(F) can be deduced from one for the transformed
problem, as long as ¢ is chosen to be at least deg(P).

Lemma 5.6. Let d € Z., let F € K[X]"™" with cdeg(F) < d, lets € Z", let 6 € Z,
be the s-minimal degree of Aq(F), and let 6 € Z-o be such that 6 > max(d). Let P bea
(=0, 0, ..., —06)-ordered weak Popov basis of Ar,ay(LasF)). Then, the leading principal sub-
matrix R € K[X]™" of P is a —6-ordered weak Popov basis of Aa(F) and therefore, as a
consequence of Lemma 2.3, Im_g(R)™'R is the s-Popov basis of Ag(F).

Proof. In this proof, we use the notation t = (-4, —9,...,—0) € 7,

Let P € K[X]™" be a —§-ordered weak Popov basis of Aq(F). Then, we have rdeg_s(P) = 0
according to Lemma 2.3, hence in particular all rows of P have degree at most §. The first item
of Lemma 5.5 implies that there exists a matrix Q € K[X]™"*" such that all rows of [P Q]
are in A, a)(Las(F)) and rdeg(Q) < rdeg(P). Then, by choice of t, we have Im¢([P Q]) =
[lm_s(P) 0], with Im_g(P) lower triangular by assumption. Thus [P Q] is in t-ordered weak
Popov form with all t-pivots in P.

Now, let us write

P= [_R 312] with R € K[X]™" and Py, € K[X]™".
Py Py

Since the t-pivots of [R Pj,] are on the diagonal of R, by minimality of P we obtain rdeg_s(R) =
rdeg,([R Eg]) < rdeg, ([P Q]) = 0. Thus deg(R) < max(d) < ¢ and deg(Ez) < 6, and the
second item of Lemma 5.5 applied to the rows of [R Ez] shows that each row of R is in Ay (F).
Since R is in —¢-ordered weak Popov form, this gives rdeg_s(R) > rdeg_s(P) = 0 by minimality
of P. Thus, we have rdeg_s(R) = 0 and R is a —d-ordered weak Popov basis of Ag(F). O

5.3. Proof of Proposition 5.1

We first give some properties of the manipulated quantities to verify that the assumptions of
the lemmas and corollary referred to in the next paragraph are indeed satisfied. In what follows,
we let F = CF mod XY. First, we have || < o = |d| by Lemma 2.2, hence ¢ = [o-/m] 2 [|6]/m]
and thus we can apply Corollary 5.3; it ensures that the tuple § computed at Step 1 is the —6-
minimal degree of ﬂd(F) and satisfies —6 > —¢, that is, max(é) < 6. Besides, since R; is in
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—&-ordered weak Popov form, it has —S-pivot degree rdeg_3(Ry) + §=-6+6, by definition of
b at Step 2. Thus, by the fourth item of Lemma 2.3 and by Proposition 4.1_,3 is the —§-minimal
degree of ﬂ&(f?). This further implies b < 6, and therefore rnax((AS) < max(d) < 6.

By Remark 3.3, Step 4 computes a t-ordered weak Popov basis P of A Ld(&)(ﬁﬁ,a‘(ﬁ))- Then,
Lemma 5.6 applied to (&, F, —3, 3, o) shows that R, is a —&-ordered weak Popov basis of ﬂ&(f‘).
Then, Proposition 4.1 implies that RyR; is a basis of ﬂd(F) and the third item of Lemma 2.4
shows that it is in —d-ordered weak Popov form, since -6 = rdeg_3(Ry). It then follows from
Corollary 5.3 applied to (d, F, s, §) that R is the s-Popov basis of A4(F).

Concerning the cost, Steps 1 and 3 use no field operation. At Step 2, obtaining the matrix
CF mod X¢ involves no field operation given the form of C, but only at most 7o~ read/write of
field elements, where m < 2m according to Corollary 5.3. Then Proposition 4.1 indicates that
Step 2 uses O(MM’ (m, o-/m)) operations, which is within the announced bound.

From v < |d|/§ by Definition 5.4 and |d| < o~ by Proposition 4.1, we get v < o/[o"/m] < m.
Thus, L&’ 5(?) has m + v < 3m rows and v + v < 3m columns. Besides, by construction of L;(ﬁ)
we have d < 26 = 2[o-/m], hence d € O(c-/m). Note that we can discard the ceiling since we
have assumed o € Q(m). Then, according to Proposition 3.2, the call to PM-Basis at Step 4 uses
OMM (1 + v, d)) € O(MM' (m, o-/m)) operations.

Now, deg(R;) < 20/m by Proposition 4.1. We have seen that R, has —3—piv0t degree 5,
which implies cdeg(R;) = 5 by Lemma 2.3. Thus deg(R;) = max((AS) < [o/m], which gives
deg(R;) € O(o/m) (remark that here only the case o= > m is relevant, since otherwise n < o <
m < m and then R = I). Thus, computing Ry;R; uses O(MM(m, o-/m)) operations. Then, given
the shape of C, obtaining R from RyR| uses O(mmo/m) C O(mo) additions in K.

Finally, the computation of Im_s(R)"! at Step S uses O(m®) operations. Since cdeg(R) = &
by Lemma 2.3 and || < o by Lemma 2.2, applying the first item of Lemma 2.6 with d = 0 shows
that the product Im_g(R)~'R costs O([(m + o-)/m]m®) operations. Since o= € Q(m) this bound is
in O(m“~'¢), which itself is in O(MM’ (m, o-/m)).

6. Computing approximant bases for arbitrary shifts

We now describe our algorithm for solving the general case of Problem 1 (Algorithm 6), and
we prove that it is correct and admits the cost bound announced in Theorem 1.1.

Proof of Theorem 1.1. Concerning the base case of the recursion at Step 1, (Jeannerod et al.,
2017, Prop. 7.1) shows that it correctly computes the s-Popov basis of Ag(F) using O(m® log(m))
operations. When the algorithm is called on an instance with o > m, Step 1 is performed less than
20 /m times in the whole computation, thus leading to a total contribution of O(m®~'olog(im))
operations in the cost bound.

Let us now study Step 3, where o > m and n < m. The instance (d, F) is first split into two
instances (d;, F) and (d,, F,) such that |d;| = [0/2] and |d;| = [0/2], and with cdeg(F;) < d;
and cdeg(F,) < d,. Furthermore, since n < m, the column dimensions of both F; and F;, are less
than their row dimension, so that the recursive calls at Steps 3.e and 3.g will not lead to entering
Step 2. We note that when d = d, the first entry of d; is zero; then, one can discard this entry
and the corresponding zero column of F,.

At Step 3.1, the residual G is computed in O(MM(m, o-/m)) operations according to the second
item of Lemma 2.6. Indeed, we have oo > m > n, |cdeg(P;)| < lo-/2] < o by Lemma 2.2, and
|dz| = [o/2] < o by construction.
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Algorithm 6 — PorovArpBasIs (Shifted Popov approximant basis)
Input:

e orderd = (dy,...,d,) € Z,
e matrix F € K[X]™" with cdeg(F) < d,

e shifts € Z™.
Output: the s-Popov basis of Aq(F).

1. fo=di+---+d,<m: // Base case
a. Forifrom1ton:
@) B« [t0 0 o f90] e K™ where F.; = Yoeeq £ X*
01
(i) Z; « ] € Kdxdi
01
0
b. E—[E - E,|eK™" Z  diag(Z.....Z,) € K™

c. Return LINEARIZATIONINTERPOLATIONBASIS(E, Z, s, max(d))
// (Jeannerod et al., 2017, Algo.9)

2. Elseifn > m: // Entered at most once at initial call
a. permute d into nonincreasing order, and the columns of F accordingly
b. (d,F,8,P;) — RepuceCoLDmv(d, F, s)
c. P, — POPOVAPPBASIS(&,F, S)
d. 0, « diagonal degrees of Py; 6, < diagonal degrees of P,
e. Return KnownDeGcAprPBasis(d, F, s, 8 + 67)
3. Else: // Divide and conquer
a. 1<ip<nand1<d<d,suchthatd, +---+dj_1 +d =[0/2]
b. £, < F.; mod X £;,, « X(F.;, —f;,1)
c. dy «(di,....djj-1,d); Fy — [Foql- - |Fo 1l 1]
d. dy — (d;j, —d,dig+1,. .., dp); Fo — [£io|Foistl - [Fo sl
e. P; « PopovArpBasis(d;, Fy,s); §; < diagonal degrees of P
f. G — P;F, mod X% // using partial linearization
g. P, « PorovAprpBasis(d;, G, s + 61); d, « diagonal degrees of P,
h. Return KNowNDEGAPPBAsIS(d, F, s, 61 + 67)
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Let us define the shift t € Z™ as t = rdeg (P;) = s + §;. Suppose that the recursive calls cor-
rectly compute the s- and t-Popov bases P and P, of Ay, (F;) and Ag,(G). Then, the s-minimal
degree of Aq(F) is 8, + d, according to the item (iv) of Lemma 2.4. Thus, by Proposition 5.1,
Step 3.h computes the sought approximant basis in O(MM’(m, o-/m)) operations.

The recursive calls (Steps 3.e and 3.g) are with the same dimension m and half the total order
/2, hence the cost bound in the case n < m.

Step 2 deals with the case n > m, and starts by calling Algorithm 4 to efficiently reduce to
n < m. According to the above discussion, Step 2 may only be entered once, at the initial call to
the algorithm. The correctness and cost bound in the case n > m then follow from Proposition 4.1
and from the arguments used above concerning Step 3. O

7. Computing approximant bases for weakly unbalanced shifts

In this section, we focus on the computation of approximant bases when the shift is weakly
unbalanced around its minimum value (Section 7.1) or around its maximum value (Section 7.2).

In the first case, this means that s satisfies the assumption H; min described in Section 1, that
is, |[s — min(s)| € O(o) where o = |d|. We recall that s — min(s) stands for the shift (s; — min(s));.
Note also that a balanced shift, that is, satisfying Hs p.: max(s) —min(s) € O(o-/m), also satisfies
Hs min- In the second case, this means that s satisfies Hs max: [max(s) — s| € O(o).

For shifts satisfying H; min, any s-minimal approximant basis P has small average row de-
gree 0, which means that the overlapping linearization of Section 5.2 at degree § will efficiently
recover a large number of the rows of P (all those of degree < 9). Then, Zhou and Labahn (2012)
show how the computed rows allow us to discard a correspondingly large number of rows and
columns in the overlapping linearization at degree 20, making it efficient to recover the rows of
P of degree < 26. This process is continued until all rows are obtained.

In Section 7.1, we present a generalization of (Zhou and Labahn, 2012, Algo. 1) which sup-
ports arbitrary orders and returns the basis in s-Popov form. We do not assume that s satisfies
Hs min, but we describe the algorithm and a detailed complexity analysis using the parameter
|s — min(s)|. Besides, we observe that this generalization does not impact the cost bound: we
obtain the same bound as in (ibid., Thm. 5.3) if we assume H; min.

For shifts satisfying Hs max, an s-minimal approximant basis P may have both large average
row degree and large average column degree. Nevertheless, under this assumption the size of P
remains in O(mo), and we can guess the location of the columns of P which may have uniformly
large degrees: they correspond to the smallest entries of the shift. For example, for the shift
s = (—0,0,...,0), only the first column of P may have all its entries of degree close to o. Based
on this, (ibid., Algo.2) uses output column linearization to balance the degrees according to
this guessed column degree profile of P. This is similar to the output column linearization of
Algorithm 5, except that here we have no guarantee that the guessed column degree is the actual
column degree of P. As a result, the linearization will be called a logarithmic number of times,
until all rows of P are revealed. The efficiency of each step depends on the quantity |[max(s) — s|,
which is assumed small in H max-

Similarly, in Section 7.2, we present a generalization of (ibid., Algo. 2) which supports arbi-
trary orders and returns the basis in s-Popov form. We do not assume that s satisfies Hs max but
the algorithm and the cost bound are parametrized by |s — min(s)|. Besides, this generalization
does not impact the cost bound obtained in (ibid., Thm. 6.14).

Before entering the details, we remark that the first item of Theorem 1.3 follows as a corol-
lary of Proposition 7.3, although the latter only proves that we can compute an s-ordered weak
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Popov basis of Aq(F) within the claimed cost bound. Indeed, this computation reveals the s-
minimal degree of A4(F) and therefore it remains to call Algorithm 5, which also fits within the
claimed cost bound, to obtain the s-Popov basis. The same remark holds for the second item of
Theorem 1.3, which follows as a corollary of Proposition 7.4 and Algorithm 5.

7.1. Weakly unbalanced shift around its minimum value

Here we focus on the computation of approximant bases for shifts that satisfy Hj min, that is,
|[s — min(s)| € O(o). For this, we extend the approach of (Zhou and Labahn, 2012, Sec. 3 to 5) to
work with an arbitrary order, and we add the guarantee that the basis is in s-ordered weak Popov
form. We achieve these improvements without impacting the cost bound of the algorithm.

In this approach, one computes approximants for overlapping linearizations of (d,F) (see
Section 5.2), for a linearization degree parameter ¢ which is doubled iteratively until the full
basis of Aq(F) is obtained. The correctness is based on the next result, which shows how the
knowledge of a basis of A r,a)(La,s(F)) can be used to find a basis of A r,,a)(La26(F)).

Hereafter, for m € Z.(, we write J,,, for the m X ([m/2] — 1) matrix whose column £ is the
column 2k of I,,, and J;, for the mx(|m/2|+1) submatrix of I, formed by the remaining columns.
We stress that if m is even, the last column of I, does not appear in J,, but in J,. In particular,
Ji and J5 are the empty 1 X 0 and 2 x 0 matrices, while J5 = I,. Besides, in what follows J,, and
J5,, refer to the 0 X 0 matrix when m € {—1, 0}, and we use the notation 0,,x» or 0, for the zero
matrix when the row dimension m or the column dimension 7 is not clear from the context.
Lemma 7.1. Letd = (dy,....d,) € 2, let F € K[X]™" with cdeg(F) < d, let s € 7", and let
0 € Zsq. As in Definition 5.4, let a; = [% —1lfor1 <i<nandn =}, <, max(a; — 1,0). Then,
insert zero rows into the overlapping linearization Lq5(F) € KX+ g follows:

Fy = diag(L. Jo, -1+ - o Jo, 1) Lazs(F) = ! [Ld,if(F)] € K[xX]0m =)

where ny = Y <<, max(la;/2] — 1,0) and & is the inverse of the permutation matrix

Ly
Jai-1 i

a-1 € Rm+x e+

J(t,,—l JC 1

¥y =

Now define a matrix S which, through right-multiplication, selects a given set of n + ny columns
from any matrix with n+n columns, and a matrix S° which selects the n —n, remaining columns:
S = diag(Sy, . ..,S,) € KWMXtm) gnd §¢ = diag(SS, ..., S¢) € KWMXA1) yith for 1 <i<n,

S,':[l

By construction, we have Lg s(F)S = F, mod X£@s and 0 < Lys(d) — Ls(d)S < 26.
Further define the order d = (Ls(d), Los(d)) € Zi’g’“m, the shifts § = (s — min(s), 0) € Z"™"
and’s = (s — min(s), 0) € Z""™, and the matrix ¥ = [Lgs(F) F,] € K[X]+DX@n7472)  Thep,

01><?

:| e Kmax(oz;,l)xmax([a,-/ZJ,l) and S;: — [JC
a;—1

c Kmax(ar,-, 1)x(max(a;,1)—-max(le;/2],1))
Ja,-fl
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e For any s-ordered weak Popov basis P € K[X]™2Xmtm) for A 1 ay(La2s(F)), the matrix

[P =P,FS¢ mod X£H@s
T 0 X Ls(d)s*

m e K[x]rmximm (10)
is an §-ordered weak Popov basis of ﬂ&(F), where P, € K[X]" 2% s the submatrix of P
formed by its leftrmost m columns and F € K[X]"™ "™ is the submatrix of Las(F) formed
by its top m rows.

e For any §-ordered weak Popov basis P € K[X] of ﬂa(f’), the leading principal
(m+ny)X(m+ny) submatrix of aPr!is an's-ordered weak Popov basis of A g,,a)(La26(F)).

e For any vectors p € K[X]™" and q € K[X]™ such that rdeg(q) < rdeg(p) < 6 and
[P al € Ag,@(Las®)). we have [p ql € A(F).

Proof. (First item.) We define Q = —P;F S¢ mod X£@S* ¢ K[X]m+2)x(-72) and we denote
by B the matrix in Eq. (10). Then, we start by showing that all rows of B are in Ay(K), that is,
BF, = 0 mod X£»@ and BLy s(F) = 0 mod X% _ First, we have

]m_l [Ld%s(m} ! [Pzzdi§5<F>] — 0 mod X£4@

(m+n)x(m+n)

. P Q
BF, = n~' [0 X Lo
by assumption on P. Since Lys5(d) > Ls(d)S, this also gives BLg s(F)S = BF, = 0 mod X£:@S
and thus it remains to show that B.Lg s(F)S¢ = 0 mod X%@S° By construction, the last 7z rows
of wL4,s(F)S® are formed by 7, zero rows followed by the identity matrix:

Jop-0)'
012
C

T

1

. j| . _ |:Oﬁg><?

-, ., - 1777 .
051 Toy—1 012 e

Je

ap-1

.. 051 Loy -1
Tou-1)"
[O‘Mm Iz] nLys(F)S° = @, " | I

e o'

(11)

As a consequence, we have

P,FS+Q

1 |P _ .
BLys(F)S =n"" [0 X L%)Sc]ﬂﬁd,g(F)SC =g [ xL@s | = 0 mod XL@S"

Now, we prove that any p € ﬂa(lv?) is a combination of the rows of B. Write p = [p q]x
with p € K[X]""*™) and q € K[X]"#). Then, p € Ay(F) implies first p € A, (La2s(F)),
hence p = AP for some A € K[X]"™"*™) and second AP;FS® + q = [p qlnLys(F)S¢ =
0 mod X£@S* hence q = AQ + uXL D5 for some p € K[X]™@ 7). Thus, p = [1 u]7B.

It remains to prove that aBx~! is in §-ordered weak Popov form; then, the second item of
Lemma 2.8 shows that B is also in §-ordered weak Popov form (note that $& = §). Since the
bottom-right block of aBx~! is a diagonal matrix and the top-left block is already in s-ordered
weak Popov form, where § = (s, 0), it is enough to show that rdeg(Q) < rdegg(P). Since s > 0,
we have rdeg(P) < rdegs(P) and thus it is enough to show that rdeg(Q) < rdeg(P). Consider a
row [p q] of [P Q]. If rdeg(p) > 26, then rdeg(q) < rdegg(p) follows since by construction we
have rdeg(q) < max(L;(d)) < 26. If rdeg(p) < 26, since p is in A,,@a)(La2s(F)), the second
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item of Lemma 5.5 (with parameter 26) shows that the m leftmost entries of p are in Ag(F); then,
the first item of the same lemma (with parameter ¢) gives in particular rdeg(q) < rdeg(p).

(Second item.) The first item implies that P = UB for some unimodular matrix U. Let Uy
and Py denote the leading principal (m + ny) X (m + ny) submatrices of aUx ! and aPx~!. The
first item of Lemma 2.8 shows that P is in s-ordered weak Popov form. Besides, the identity
aPr! = 7Ux '2Ba~" and the triangular shape of 7Bx~" yield Py = UyP. Furthermore, 7Px~"!
and 7Bz~! being §-ordered weak Popov bases of the same module, they have the same §-minimal
degree (see Section 2.1), and thus the same $-row degree. This implies that their leading principal
submatrices Py and P have the same s-row degree, hence

deg(det(Up)) = deg(det(Py)) — deg(det(P)) = |rdegs(Po)| — [rdegs(P)| = 0.

This means that Uy is unimodular, and therefore Py is a basis of A, a)(La26(F)).

(Third item.) We want to prove that [p q] € A Lzﬁ(d)(f‘z). The second item of Lemma 5.5
implies that p € Ay(F), while its first item gives the uniqueness of q: if r € K[X]™" is such
that rdeg(r) < rdeg(p) and [p r] € Ar,@a)(Las@)), then r = q. (Note that here the constraint
cdeg(r) < Ls(@ET from Lemma 5.5 is implied by rdeg(r) < 6 < min(Ls;(d)ET).)

Lemma 5.5 gives q; € K[X]"" such that rdeg(q) < rdeg(p) and [p q2] € Ar,,a)(La2s(F)).
Then, define q; = —pI?SC mod XZ£(@S° which is a subvector of q = —pFET mod XL @E gince
S¢ selects a subset of the columns selected by E". Let further r = [qx q3][0 Tilm e K[X];
by construction, we have rdeg(r) < rdeg(p). We are going to show that [p r] € A Lzé(d)(lv?‘z) and
[p r] € Arya(LasF)): the latter point implies r = q by the mentioned uniqueness, and then
the former point gives [p q] € A Lg(;(d)(FZ)’ thus concluding the proof.

Noticing that [p r] = [p q2 q3]x, the first point follows by construction of F:

b rlf> = [p @ qslor! [L“’i;’(F)] =[P @1 Laas(F) = 0 mod X5,
Furthermore, since £55(d) > Ls5(d)S we can consider the same identity modulo X£®S | Using
Las(F)S = F, mod X£@S | this directly yields [p r]Las(F)S = 0 mod X£@S | For the second
point, it remains to show [p r]Lgs(F)S¢ = 0 mod X£@S" | This follows from the definition of
q; since Eq. (11) gives [p r]Las(F)S® = [p q q3]l7Lqs(F)S® = pFS© + qs. O

We remark that working with matrices in ordered weak Popov form allows us to directly
locate the submatrix that contains the sought basis, and thus to avoid resorting to computations
of row rank profiles as was done for example in (ibid., Thm. 3.15 and Algo. 1).

The second item in this lemma implies that, knowing a basis of A, (LasF)), we can
obtain a basis of A z,,a)(La2s(F)) via the classical approach of computing a residual, a second
approximant basis, and the product of the two bases. Furthermore, the third item shows that rows
of degree less than ¢ in the first basis are already in A r,,)(La25(F)). Thus, they can be discarded
when computing the second basis (see Lemma 2.5); this is a key property for the efficiency of
Algorithm 7. The next result formalizes these remarks, using notation from Lemma 7.1.

Corollary 7.2. Let P € K[X]"+X0"*1) pe an §-ordered weak Popov basis of A @) (Las(X)), let
I c{1,...,m+n} be the set of indices i of the rows P; . = [p q] such that rdeg(q) < rdeg(p) < 6,
where p € K[X]™" and q € K[X]"™". Let further I = {1,...,m + 1} \ I be the complement of I
and let i denote the cardinality of I. We have I C {1,...,m}. ~
Now, consider the tuples u = Ls(d)S and v = Lys(d) both in ZT”Z, as well as the residual
G = P F,X# mod X' # € K[X]"7-0X042) qnd g basis P, € K[X)7-0X0mti=h of Ay—u(G)
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in rdegy(Pye .)-ordered weak Popov form. Modify P by left-multiplying its submatrix Py . by Py,
that is, perform the operation Pyc . < PPy .. Then, the leading principal (m + ny) X (m + ny)
submatrix of itPx~" is an s-ordered weak Popov basis of A Los(@)(La2s ().

Proof. The fact that I C {1,...,m} follows by definition of the §-ordered weak Popov form.
Indeed, since § = (s — min(s), 0), such arow [p q] with rdeg(q) < rdeg(p) < rdeg_,;,s(P) must

have its §-pivot entry in p, or in other words, its §-pivot index in {1,...,m}. Since the §-pivot
entries are on the diagonal, [p q] must be one of the first m rows of P.
The other claims follow directly from Lemmas 7.1 and 2.5. O

This suggests an algorithm which computes approximant bases iteratively for the overlapping
linearized problems with a linearization parameter ¢ which is doubled at each step. When the
parameter reaches ¢ > max(d), we actually have Ls(d) = d and L45(F) = F, and therefore the
computed basis is a basis of Ag(F) = A, (LasF)). In what follows, let o = |d|.

In this process, the number of columns of the approximant instances steadily decreases. On
the first hand, the number of columns 7z added by the overlapping linearization is roughly halved
when ¢ is doubled. On the other hand, only the < 207/ columns of F with corresponding order
d; > 6/2 need to be considered in the iteration with linearization parameter d, since all the others
have been fully processed already (see the proof of Proposition 7.3 for more details).

Furthermore, the corollary above indicates that if at some iteration one of the computed
approximants in A r,a)(Las(F)) has degree less than 6, then it can be stored as a row of the
sought basis and can be discarded in the computation of the residual and of the second basis. In
the process outlined above, this allows us to decrease the row dimension each time such a small
degree approximant has been found.

Yet, there remains an obstacle towards efficiency: if the output basis has no row of small
degree, there will be no such row dimension decrease before the very last few iterations. In this
case, some iterations may ask us to solve instances with roughly the same dimensions and degrees
as the original instance (d, F); then, this approach is not faster than a direct call to PM-Basis.

Nevertheless, there are many shifts for which this worst-case scenario cannot occur, since the
sum of the row degree of an s-minimal basis of Aq(F) is at most & = o + |s — min(s)| (Van Barel
and Bultheel, 1992, Thm. 4.1). Thus, this s-minimal basis has at most £/6 rows of degree > ¢;
this is especially beneficial when ¢ is small, that is, for shifts that are weakly unbalanced around
their minimum value (see the assumption Hs min from Section 1). For example, for the uniform
shift, a 0-minimal basis has at most m/2' rows of degree > 2[c-/m], which means that in our
process at least m — m/2' rows can be discarded when ¢ has reached 2/[o/m].

Proposition 7.3. Algorithm 7 is correct. Let o = |d|, let £ = o +|s —min(s)|, and let d = max(d).
If ¢ < md, then Algorithm 7 uses C(¢,m,d) operations in K, where C(-) is defined as in Eq. (3).
If ¢ > md, it uses OIMM’ (m, [0 /m]) + MM’ (in, d)) operations in K.

Proof. The correctness of Step 1 follows from Lemma 2.4 and Proposition 4.1. Concerning
Step 2, we first note that if [£/m] > d, then L4 5(F) = F and Ls(d) = d and therefore the call to
PM-Basis at Step 2.a computes a whole s-ordered weak Popov basis of Aq(F). Then, the loop at
Step 2.b is not entered, and Step 2 uses O(MM’(m, d)) operations according to Proposition 3.2.
On the other hand, if [¢/m] < d, the correctness of Step 2 follows from Corollary 7.2, noticing
that the loop terminates after at most 1 + [log,(d/[&/m])] iterations since ¢ is doubled at each
iteration, and as mentioned above Lg5(F) = F and Ls(d) = d for 6 > d. Furthermore, in this
algorithm we use the set J to explicitly filter out columns for which the correct order has already
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Algorithm 7 — SHIFTAROUNDMINAPPBASIS (Minimal basis for small |s — min(s)|)

Input:
e orderd e Z’;o,
e matrix F € K[X]™" with cdeg(F) < d,

e shifts € Z™.
Output: an s-ordered weak Popov basis of Ag(F).
1. lfn>m:

a. permute d into nonincreasing order, and the columns of F accordingly
b. (a, | P;) « RepuceCoLDm(d, F, s)
c. Py « SHIFTAROUNDMINAPPBASIS(&, f‘, S)
d. 6, < diagonal degrees of Py; 8, « diagonal degrees of P,
e. Return KnowNDEGAPPBasis(d, F, s, 8 + 67)
2. Else:
a. 0 < [(ld| +|s — min(s)])/m] B
Construct L5(d) € Z;" and Lgs(F) € K[X]m+Dx(+7) a5 in Definition 5.4
P «— PM-Basis(26, Lgs(F)X*4@ (s — min(s), 0))
I—{ie{l,....m+n}|P.=[p q]is guch that rdeg(q) < rdeg(p) < ¢},
where p € K[X]>" and qE€ KX // for these rows, p € Aq(F)
b. While Card(I) < m: // Ic{l,...,m} holds, cf. Corollary 7.2
(i) Construct matrices ;r € K"X(m+) apd § € Km*(+m) a6 in Lemma 7.1,
tuples u «— Ls(d)S and v « Lo5(d) both in Z;’B”Z, and sets
J—{je{l,....,n+nm}|vj—pu;>0land I < {1,...,m+n}\[
(ii) G  Ppe,a! [ £05®r | X mod X"/ 7#s
(iii) P, « PM-Basis(26, GX?/+Hs | rdeg mings).0)Pres))
(iv) Pr. & PP, // this modifies P
(v) P « leading principal (n + 71,) X (n + 715) submatrix of 7Pz~
0« 20ne—mnyl < IVU{icl|P,=1I[p 7q] is such that rdeg(q) <
rdeg(p) < 6}, where p € K[X]™" and q € K[X]"™"
c. Return P
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been reached, thus for which the residual columns are zero. This was not done in Corollary 7.2
which focused on correctness, yet here it makes it easier to describe column dimensions in the
following cost analysis.

Concerning Step 2, we place ourselves at the beginning of an iteration, and we start by
describing the dimensions and the degrees of the matrices involved in the computations. Then,

e P;. . has dimensions Card(/°) X (m + n) and degree < 20;

o 17! [L“'Z‘SSF)*J ] has dimensions (m + n) X Card(J) and degree < max(Ls(d)) < 406;
e G has dimensions Card(/°) x Card(J) and degree < max(v — u) < 26;

e P, has dimensions Card(/¢) x Card(/°) and degree < 26.

As above, 7 is such that L4 s5(F) has dimensions (m + 1) X (n + 1), and 7 < 07/& where o = |d|.

Besides, as a consequence of (Van Barel and Bultheel, 1992, Thm. 4.1), the sum of the de-
grees of the rows of the sought basis is at most &, and thus this basis has more than m — £/6 rows
of degree < §; Lemma 5.5 shows that the set / C {1,...,m} precisely contains the indices of the
latter rows. Thus, Card(l) > m — £/6, and Card(I®) = m + n — Card(I) < n+ &/6 < 2£/0.

Furthermore, note that the entries of Ls(d)S and L,s(d) which coincide are exactly those
corresponding to columns with order d; < 26 (or, equivalently, @; = 1): these are columns F, ;
which appear as such in L45(F) and also in Ly s(F) for all subsequent iterations. Indeed, if
d; > 26, the corresponding entries in Ls(d)S are at most 26 and cannot coincide with those in
L55(d) which are at least 26 + 1. As a result, Card(J) is the sum of the number 7, of columns
added by the overlapping linearization with degree parameter 26, and of the number of indices
i €{l1,...,n}such that d; > 28; both numbers are less than o-/(26). Thus, Card(J) < o /6.

Now, let 69 = [£/m] be the initial value of 6. Then, at the beginning of the k-th iteration of the
loop (the first one being for k = 1), we have § = 2¥-1§, and the dimensions satisfy m + 7 < 2m,
Card(I°) < 2¢/6 = 227%¢/8¢ < 2> *m, and Card(J) < o/ = 2' o /6y < 2'7%¢/60 < 21 Fm.

Then, both matrix multiplications at Steps 2.b.(ii) and 2.b.(iv) use O2*"'"MMQ'*m, 2-16))
operations. Besides, the call to PM-Basis at Step 2.b.(iii) uses O(MM’(2'*m, 2¥-15,)) operations
according to Proposition 3.2, while the call at Step 2.a uses O(MM’ (i, 6y)) operations. Summing
these terms over all iterations gives the cost bound announced in the statement, since as explained
above the loop terminates before or when k reaches 1 + |log,(d/[¢/m])].

Now, independently from assumptions on [£/m], Steps 1.b and 1.e both use O(MM’ (m, o~/ m))
operations according to Propositions 4.1 and 5.1; here [o/m] € O(o/m) since o > n > m.
Besides, the former proposition and the specification of RepuceCoLDim ensure that:

o deg(Py) <20 /m, hence s <§ < s+ 20 /m since § = rdeg,(P;);
e |d| < o, hence o + [§ — min(§)| < & + 20 < 3&;
o T has fewer columns than rows, hence the call at Step 1.c will enter Step 2.

Then, the cost bounds given above hold for Step 1.c: if [£/m] < d this step is thus the bottleneck
of Step 1, and if [£/m] > d we obtain the claimed bound O(MM’(m, o/m) + MM’ (m, d)). O

We remark that it would also be correct, instead of Steps 1.d and 1.e, to directly compute and
return the product P,Py; this uses O(MM(m, [£/m])) operations and thus does not impact the cost
bound if ¢ € O(o). In addition, for input instances with o < m, one may rather rely on linear
algebra over K instead of the above algorithm (see Steps 1.a, 1.b, and 1.c of Algorithm 6).

We now show the upper bound on C(£, m,d) given in Theorem 1.3, for the case & < md.
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Under the assumption Hy, we obtain

MM’ (2% m, 21 /m7) + 2XMMQ2 % m, 28T& /m7)
€ 027 m)“M@'T¢/m1) log(2T¢/m) + 2427 m)*M(2"[&/m)
< O(mM(TE/mNQ27* (ke +log(1/m) + 1),

since Hy implies in particular M(25[£/m1) € O2“@~DEM([£/m)). Since Y40 k27 is a constant,
summing over 0 < k < 1 + log(d/[£/m]) gives the sought bound

C(&, m,d) € O(m“M([§/mD)(log([§/m1) +log(d/[&/m1))) = O(m“M([&/m]) log(d)),

valid under Hy and for an arbitrary order and shift.

We remark that the latter bound is precisely the one which was obtained (Zhou and Labahn,
2012, Thm. 5.3), under the additional assumptions that £ € O(c) and that d = (d, ...,d) € ZZ,
with n < m < o = nd; in that case the bound can be written O(m*“M(nd/m) log(d)).

7.2. Weakly unbalanced shift around its maximum value

Here, we will only sketch the correctness and cost bound of the algorithm, and refer to (Zhou
and Labahn, 2012, Sec. 6) for more details and examples. Indeed, it can be noticed that the
output column linearization does not modify the order d and does not depend on it. As a result,
generalizing (ibid., Algo. 2) to the case of arbitrary orders was mostly done in Section 5.1 where
the details of the definition and properties of the output column linearization were presented.

In Algorithm 8, we interrupt the iterative use of output column linearization as soon as it
becomes more efficient to directly resort to PM-Basis (Step 4). We remark that, while this may
seem to differ from (ibid., Algo. 2), it is in fact mentioned in the proof of (ibid., Thm. 6.14) that
the algorithm should behave like this to avoid weakening its efficiency.

We recall that C(-) was defined in Eq. (3).

Proposition 7.4. Algorithm 8 is correct. Let o = |d|, let { = o +|max(s) —s|, and let d = max(d).
If £ > md, Algorithm 8 uses OMM’ (m, [o-/m]) + MM’ (m, d)) operations in K. If { < md, it uses

Llog, (md/{)]
O[MM' (. [r/u) + MM (. d) + > C(.27*m.d)

k=0

operations in K, where C(-) is defined as in Eq. (3) and p is the cardinality of the set I after Step 3
has been performed; it is such that u < £/d.

Proof. First, if { > md, the loop at Step 3 is not entered, and at Step 4 we have I = {1,...,m}; in
particular, P; . = P and Step 4.f simply amounts to P « P. In this case, the correctness and cost
bound follow from Propositions 4.1 and 3.2, the fourth item of Lemma 2.4, and Proposition 5.1.

From now on, suppose { < md. The same results prove the correctness of Step 4 while
Lemma 5.2 proves that of Step 3, using in addition (Zhou and Labahn, 2012, Thm. 6.11) to show
that we may discard the rows of F with index not in / (Steps 3.b and 4.b) and fill corresponding
columns of P with zeroes (multiplication by E in Step 3.e and by the diagonal in 4.f).

Furthermore, the above propositions show that Step 4 uses O(MM’ (u, [0 /1) + MM’ (u, d))
operations; since the loop at Step 3 has exited, we have ¢ > ud.
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Algorithm 8 — SHIFTAROUNDM AX APPBASIS (Minimal basis for small |max(s) — s|)
Input:
e orderd € Z ),
e matrix F € K[X]™" with cdeg(F) < d,
e shifts € Z™.
Output: an s-ordered weak Popov basis of Ag(F).
1. P « empty matrix in K[X]>"
2. I < {1,...,m} // indices of rows still to be found
3. While o + |max(s) — s| < Card(/)d:

a. 0 « 1+ 2[lmax(s) — s|/Card(])]

b. (s, C, (@i)1<i<m,m) < CoLPaRLIN(d, F; ., 1, 9, 0) // see Section 5.1
c. P SurrtTARouNDMiINAPPBasis(d, CF; . mod X4,5)

d. E € K™ « diag(ey,...,e,) withe; = 1 ifi € I and e; = 0 otherwise

e. Fori € I such that s; > max(s) — § or rdegg(ﬁwﬁ...mi,*) > 0:

Pi. ¢« Py posq,CE; T I\ {i}

4. If I+ 0: // compute remaining rows via PM-Basis

®

permute d into nonincreasing order, and the columns of F; . accordingly
(a, | P;) <« RepuceCoLDmv(d, F; .., s;)
P, «— PM-Basis(d, F, §)
6| « diagonal degrees of Py; d, < diagonal degrees of P,
P« KnowNDecAprpBasis(d, Fy ., s7, 01 + 02)
f. P. < Fdiag(el, ...,eyn), where ¢; = 1if i € I and ¢; = 0 otherwise
S. Return P

e 20T

Concerning Step 3, the main point is that the cardinality of 7 is at least halved at the end of
each iteration of the While loop. Indeed, let ¢ > 0 be the cardinality of / at the beginning of an
iteration; hence ¢ > 2|max(s) — s|/c. Then, at the end of the iteration, we have that I is contained
in{i € {1,...,m} | s; < max(s) — 6} which has cardinality at most [max(s) — s|/6. Thus, we obtain
Card(]) < |max(s) —s|/d < ¢/2.

As a consequence, the worst case in terms of cost occurs when Card(/) is divided by only
slightly more than 2 at each iteration. Then, this cardinality is about 2%m at the end of the kth
iteration of the While loop. This iteration then uses C(Z, 2 %m, d) operations in K; this follows
from the bounds on 7 and s in Lemma 5.2 and from the cost of Step 3.c¢ given in Proposition 7.3.
We remark that the condition ¢ < Card(/)d of the loop precisely ensures that we are in the case
“& < md” of the latter proposition. O

To conclude this section, we derive the upper bound given in the second item of Theorem 1.3
under the assumption ). We first remark that we have [2%¢/m] < 2¥[¢/m], since [[ar]/a] = [r]
holds for any real number r and any positive integer @. Besides, the assumption Hy implies that
M(2*1Z/m1) € OQ2“~Y*M([£/m1)). Then, the first item in Theorem 1.3 yields

C(¢, 27 m, d) € O((2*m)*M(12°¢/m]) log(d)) € O(2~*mM([¢/m1) log(d)).
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from which we obtain

Llog,(md/{)]
C(. 27" m,d) € O(m*M([¢/m])log(d)).
k=0

Now, using d < ’;—T%d] < %f%l and the assumption Hy leads to M(d) € O((m/w)“~'M([{/m])),
and therefore we also have

MM’ (1, d) € O(m*™ uM(T¢/m1) log(d)) € O(m“M(IZ/m1) log(d)).

This completes the proof of the upper bound in the second item of Theorem 1.3, since we have
MM’ (u, [o /1) € Ou“M([o/u) log([or/u1)).

Acknowledgement

The authors want to thank Eric Schost for his useful comments. The research leading to
these results has received funding from the People Programme (Marie Curie Actions) of the Eu-
ropean Union’s Seventh Framework Programme (FP7/2007-2013) under REA grant agreement
no. 609405 (COFUNDPostdocDTU).

References

Beckermann, B., 1992. A reliable method for computing M-Padé approximants on arbitrary staircases. J. Comput. Appl.
Math. 40 (1), 19-42.
URL https://doi.org/10.1016/0377-0427 (92)90039-Z

Beckermann, B., Labahn, G., 1994. A uniform approach for the fast computation of matrix-type Padé approximants.
SIAM J. Matrix Anal. Appl. 15 (3), 804-823.
URL https://doi.org/10.1137/S0895479892230031

Beckermann, B., Labahn, G., 1997. Recursiveness in matrix rational interpolation problems. J. Comput. Appl. Math. 77,
5-34.
URL https://doi.org/10.1016/50377-0427(96)00120-3

Beckermann, B., Labahn, G., 2000. Fraction-free computation of matrix rational interpolants and matrix geds. SIAM J.
Matrix Anal. Appl. 22 (1), 114-144.
URL https://doi.org/10.1137/50895479897326912

Beckermann, B., Labahn, G., Villard, G., 1999. Shifted normal forms of polynomial matrices. In: ISSAC’99. ACM, pp.
189-196.
URL https://doi.org/10.1145/309831.309929

Bostan, A., Schost, E., 2005. Polynomial evaluation and interpolation on special sets of points. J. Complexity 21 (4),
420-446.
URL https://doi.org/10.1016/j.jco.2004.09.009

Cantor, D. G., Kaltofen, E., 1991. On fast multiplication of polynomials over arbitrary algebras. Acta Inform. 28 (7),
693-701.
URL https://doi.org/10.1007/BF01178683

Coppersmith, D., Winograd, S., 1990. Matrix multiplication via arithmetic progressions. J. Symbolic Comput. 9 (3),
251-280.
URL https://doi.org/10.1016/S0747-7171(08)80013-2

Dummit, D. S., Foote, R. M., 2004. Abstract Algebra. John Wiley & Sons.

Forney, Jr., G. D., 1975. Minimal Bases of Rational Vector Spaces, with Applications to Multivariable Linear Systems.
SIAM Journal on Control 13 (3), 493-520.
URL https://doi.org/10.1137/0313029

Gathen, J. v. z., Gerhard, J., 2013. Modern Computer Algebra (third edition). Cambridge University Press.
URL https://doi.org/10.1017/CB09781139856065

35


https://doi.org/10.1016/0377-0427(92)90039-Z
https://doi.org/10.1137/S0895479892230031
https://doi.org/10.1016/S0377-0427(96)00120-3
https://doi.org/10.1137/S0895479897326912
https://doi.org/10.1145/309831.309929
https://doi.org/10.1016/j.jco.2004.09.009
https://doi.org/10.1007/BF01178683
https://doi.org/10.1016/S0747-7171(08)80013-2
https://doi.org/10.1137/0313029
https://doi.org/10.1017/CBO9781139856065

Giorgi, P., Jeannerod, C.-P., Villard, G., 2003. On the complexity of polynomial matrix computations. In: ISSAC’03.
ACM, pp. 135-142.
URL https://doi.org/10.1145/860854.860889

Gupta, S., Storjohann, A., 2011. Computing Hermite forms of polynomial matrices. In: ISSAC’11. ACM, pp. 155-162.
URL https://doi.org/10.1145/1993886.1993913

Harvey, D., van der Hoeven, J., Lecerf, G., 2017. Faster polynomial multiplication over finite fields. J. ACM 63 (6),
52:1-52:23.
URL http://doi.acm.org/10.1145/3005344

Jeannerod, C.-P., Neiger, V., Schost, E., Villard, G., 2016. Fast computation of minimal interpolation bases in Popov
form for arbitrary shifts. In: ISSAC’16. ACM, pp. 295-302.
URL https://doi.org/10.1145/2930889.2930928

Jeannerod, C.-P., Neiger, V., Schost, E., Villard, G., 2017. Computing minimal interpolation bases. J. Symbolic Comput.
83,272-314.
URL https://doi.org/10.1016/j.jsc.2016.11.015

Kailath, T., 1980. Linear Systems. Prentice-Hall.

Knuth, D. E., 1970. The analysis of algorithms. In: Congres int. Math., Nice, France. Vol. 3. pp. 269-274.
URL http://www.mathunion.org/ICM/ICM1970.3/Main/icm1970.3.0269.0274.ocr.pdf

Le Gall, F,, 2014. Powers of tensors and fast matrix multiplication. In: ISSAC’14. ACM, pp. 296-303.
URL https://doi.org/10.1145/2608628.2608664

Moenck, R. T., 1973. Fast computation of GCDs. In: Proc. 5Sth ACM Symp. Theory Comp. pp. 142-151.
URL https://doi.org/10.1145/800125.804045

Mulders, T., Storjohann, A., 2003. On lattice reduction for polynomial matrices. J. Symbolic Comput. 35, 377-401.
URL https://doi.org/10.1016/S0747-7171(02)00139-6

Neiger, V., 2016. Fast computation of shifted Popov forms of polynomial matrices via systems of modular polynomial
equations. In: ISSAC’16. ACM, pp. 365-372.
URL https://doi.org/10.1145/2930889.2930936

Popov, V. M., 1972. Invariant description of linear, time-invariant controllable systems. SIAM Journal on Control 10 (2),
252-264.
URL https://doi.org/10.1137/0310020

Rosenkilde, J., Storjohann, A., 2016. Algorithms for simultaneous Padé approximations. In: ISSAC’16. ACM, New
York, NY, USA, pp. 405-412.
URL https://doi.org/10.1145/2930889.2930933

Sarkar, S., Storjohann, A., 2011. Normalization of row reduced matrices. In: ISSAC’11. ACM, pp. 297-304.
URL https://doi.org/10.1145/1993886 . 1993931

Schonhage, A., 1971. Schnelle Berechnung von Kettenbruchentwicklungen. Acta Inform. 1, 139-144, in German.
URL https://doi.org/10.1007/BF00289520

Storjohann, A., 2000. Algorithms for matrix canonical forms. Ph.D. thesis, Swiss Federal Institute of Technology — ETH.
URL https://doi.org/10.3929/ethz-a-004141007

Storjohann, A., 2003. High-order lifting and integrality certification. J. Symbolic Comput. 36 (3-4), 613-648.
URL https://doi.org/10.1016/50747-7171(03)00097-X

Storjohann, A., 2006. Notes on computing minimal approximant bases. In: Challenges in Symbolic Computation Soft-
ware. Dagstuhl Seminar Proceedings. pp. 1-6.
URL http://drops.dagstuhl.de/opus/volltexte/2006/776

Van Barel, M., Bultheel, A., 1991. The computation of non-perfect Padé-Hermite approximants. Numer. Algorithms
1 (3), 285-304.
URL https://doi.org/10.1007/BF02142327

Van Barel, M., Bultheel, A., 1992. A general module theoretic framework for vector M-Padé and matrix rational inter-
polation. Numer. Algorithms 3, 451-462.
URL https://doi.org/10.1007/BF02141952

Zhou, W., Labahn, G., 2012. Efficient algorithms for order basis computation. J. Symbolic Comput. 47 (7), 793-819.
URL https://doi.org/10.1016/j.jsc.2011.12.009

36


https://doi.org/10.1145/860854.860889
https://doi.org/10.1145/1993886.1993913
http://doi.acm.org/10.1145/3005344
https://doi.org/10.1145/2930889.2930928
https://doi.org/10.1016/j.jsc.2016.11.015
http://www.mathunion.org/ICM/ICM1970.3/Main/icm1970.3.0269.0274.ocr.pdf
https://doi.org/10.1145/2608628.2608664
https://doi.org/10.1145/800125.804045
https://doi.org/10.1016/S0747-7171(02)00139-6
https://doi.org/10.1145/2930889.2930936
https://doi.org/10.1137/0310020
https://doi.org/10.1145/2930889.2930933
https://doi.org/10.1145/1993886.1993931
https://doi.org/10.1007/BF00289520
https://doi.org/10.3929/ethz-a-004141007
https://doi.org/10.1016/S0747-7171(03)00097-X
http://drops.dagstuhl.de/opus/volltexte/2006/776
https://doi.org/10.1007/BF02142327
https://doi.org/10.1007/BF02141952
https://doi.org/10.1016/j.jsc.2011.12.009

	Introduction
	Preliminaries
	Minimal bases, Popov bases, and minimal degree
	Recursive computation of approximant bases
	Computing residuals
	Computing matrix products via approximant bases
	Stability of ordered weak Popov forms under some permutations

	Algorithm PM-Basis: approximant bases via polynomial matrix multiplication
	Reduction to the case nless than m
	Computing approximant bases when the minimal degree is known
	Output column linearization to balance the output degrees
	Overlapping linearization to balance orders and dimensions
	Proof of Proposition

	Computing approximant bases for arbitrary shifts
	Computing approximant bases for weakly unbalanced shifts
	Weakly unbalanced shift around its minimum value
	Weakly unbalanced shift around its maximum value


