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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
d;. We consider a matrix-type generalization of Hermite-Padé approximation, which consists in

computing polynomial row vectors p € K[X]"™" such that

pF =0 mod X¢, where X? = diag(X",...,X%). (1)
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Here, pF = 0 mod X! means that pF = ¢X? 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 Aq(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).

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.

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,
e shifts € Z™.

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

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=di+---+d,=1d|;

here, | - | denotes the sum of a tuple of nonnegative integers. By definition of s-Popov forms, the
output basis can be written P = X® + A for a matrix A such that cdeg(A) < § = cdeg(P). Impor-
tantly, we have |0] < o (see Lemma 2.2). Thus, P can be represented by the degrees § together
with m|d] < mo coefficients from K for the columns of A (not counting those corresponding to
identity columns in P). The tuple 6, called the s-minimal degree of A4(F), plays a central role in
our algorithms; knowing & amounts to knowing the degrees of the columns of the sought 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
can 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
of degree at most d in K[X]™™ with m < m can be multiplied using MM(m, d) operations in K.
Furthermore, we will use MM’ (m, d) = Y<i<io0(a) 2MM(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
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and Schost, 2005; Harvey et al., 2017). The first of these references proves
MM(m, d) € O(m“d log(d) + m*d log(d) log(log(d)) + m®)

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 Hyyy 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 at most 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 € Z, let F € K[X])™" with cdeg(F) < d, and let s € 7. Then, writing
o = |d| for the sum of the entries of d and assuming m € O(o"), Problem 1 can be solved in
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operations in K. Assuming Hy, this is in OMMM(m, o/m) log(o/m)* + m*“~' o log(m)).

[log, (o-/m)]
Z MM’ (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 Prob-
lem 1 whose resolution 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), less common in applications, 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 6, which then helps us
to efficiently compute the s-Popov approximant basis.

In fact, (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 = 0 mod (X - x)%, where (X -x) = diag([(X — x))¥11<j<n)s ()
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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 d 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 the 7 entries of the order d are roughly the same. More precisely, we assume that

Ha : 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 poor
performance 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 6. 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 § will be a common thread in all the 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 8, and the second one to find the basis by using -6 in
place of the shift. The correctness of this approach is detailed in Lemma 2.3.

Theorem 1.2. Letd € Z’;O, let F € K[X]™" with 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)).

e [fn > m (hence also o > m), Problem I can be solved in OIMM’(m, o /m) + MM’ (m, d))
operations in K; assuming Hw, this is in OIMM(@m, o-/m) log(o-/m) + MM(m, d) log(d)).

When n > m, the cost bound in the second item improves upon that in the first item for some
unbalanced orders. Take for example d = (07/2,1,...,1) withn = 0/2+ 1 > m: then, d = 0/2
and the first bound is O(ZMM'(m, o)) whereas the second bound is only O(MM’(m, 07)). This is
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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
KI[X] of Knuth (1970); Schénhage (1971); Moenck (1973). Besides, the bound O(M(o") 10g(o-)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(kd) € O(k“~'M(d)),
and M(d) + M(d’) < M(d + d’) for m,d,d’ > O and k > 1.

Note that Hy implies Hyw. Hereafter, for an integer ¢ and a shift s = (sy, ..., s,), we denote by
s + t the shift (s; +¢,..., s, + ), and notation such as the inequality s < ¢ stands for max(s) < r.

The algorithm PM-Basis discussed above is efficient for n € Q(m) and assuming Hy. Yet,
when n is small compared to m, this assumption Hy becomes weaker 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(o/n)) C
O (m“~'0) (Zhou and Labahn, 2012, Sec.3 to 5), under Hy, Hy, 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 yields a dimension decrease which compensates for the increase of the degree ¢.
On the other hand, assuming

Hsmax : |max(s) —s| € O(0) (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

columns whose degree is large, and that the shift can be used to guess locations for these columns.

Then, Zhou and Labahn (2012, Sec. 6) use log(m) calls to the output column linearization from
5



(Storjohann, 2006, Sec. 3) in degree 6. At each call, this transformation reduces to the case Hsp
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 6 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. Letd € Z, let F € K[X]™" with 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&/m) + 2*MMQ2 % 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’ (i, Tor/u1) + MM (e, d) + Z C(, 2 m, d)
k=0

operations in K, for some integer p € 7 such that u < m and pd < . Assuming Hy, this
cost bound is in Om“M([{/m1)log(d) + u’M([o/u]) log([o/u1)).

As above, consider these cost bounds for o > m. They 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 H max are equivalent to & € O(o) and ¢ € O(0), respectively;
under either of these two assumptions, the corresponding cost bound in the above theorem im-
proves upon that in Theorem 1.1 at the level of logarithmic factors, assuming Hy.

An important example of a shift which satisfies neither & < md nor { < md is the one which
yields the approximant basis in Hermite form; namely, s = (o, 20, ..., mo) for which we have
E=¢(= @a‘ > %md. 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 can 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.
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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
[[7‘((1 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).

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 A4(F) is known.

As noted above, knowing § leads us to consider the shift -4 instead of s. This new shift
is weakly unbalanced around its maximum value, since |6] < . 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(é) € 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
dimension reduction in our generalized version of this algorithm, see Algorithm 7, Step 1).

Now, to handle balanced shifts such as the new -4, (ibid.) uses a logarithmic number of
overlapping linearizations. Each of these transformations gives an instance satisfying n € ®(m)
and Hy, which can thus be solved efficiently via PM-Basis, thereby uncovering some rows of
the output basis. Here, since the output degree is max(d) € O(o/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
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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 6 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 prove the first item of Theorem 1.2. 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 = (5;); € Z™, the s-degree of p = [p;]; € K[X]™" is max;(deg(p;) + s,),
with the convention deg(0) = —oco. If p is nonzero, its s-pivot is its rightmost entry p; such that
deg(p;) + s; = rdeg(p); then, i and deg(p;) are called the s-pivot index and the s-pivot degree of p,
respectively. The s-row degree of a matrix P € K[XTo" is rdeg (P) = (ry, ..., rx) where r; is the
s-degree of the ith row of P, and the s-leading matrix of P = [p;;];; is the matrix Ims(P) € Klxm
whose entry (i, ) is the coeflicient of degree r; — s; of p;;. Furthermore, if P has no zero row,
its s-pivot index (resp. degree) is the tuple of the s-pivot indices (resp. degrees) of its rows. The
column degree of P is cdeg(P) = rdegO(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 € 7", 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;

e 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 Imo(P") is the identity matrix.

In particular, the s-pivot degree of a matrix P in s-ordered weak Popov form is the tuple § € ZZ,
of the degrees of its diagonal entries, and for P in s-Popov form we have § = cdeg(P).

Ford € Z, and F € K[X]™", a basis of Aq(F) in s-reduced form is said to be an s-minimal
basis of Ag(F). We further call s-minimal degree of Aq(F) the s-pivot degree of the s-Popov
basis of Ay(F), and in fact of any s-ordered weak Popov basis of A4(F) (Jeannerod et al., 2016,
Lem. 3.3). The importance of these degrees is highlighted by the next two lemmas.

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
¢ is known, the computations may be performed with the shift —d.

Lemma 2.2. Letd € 7., let o = |d|, and let F € K[X]™" with cdeg(F) < d. Then, for any
basis P € K[X]™" of Aq(F), we have deg(det(P)) < o. Furthermore, for s € Z", the s-minimal
degree 6 € Z’Z”O of Aq(F) satisfies |6| < o and max(6) < max(d).
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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)| = |d] (Kailath, 1980, Sec.6.3.2); and since any basis of A4(F) has
determinant A det(P) for some nonzero A € K, it is enough to prove that |§] < o

Since P has column degree (0, ..., d,), according to (Kailath, 1980, Thm. 6.3.15) the quo-
tient K[X]>"/A4(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¢ € K[X]/(X%) x --- x K[X]/(X), whose codomain has
dimension |d| = o as a K-vector space.

The matrix X™*@],, is a left-multiple of P since X™*@,F = 0 mod X9 thus the inequality
max(6) < max(d) follows from the predictable degree property (Forney, Jr., 1975). 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 § € 1Z,. Then P is also in —§-Popov form, and we have rdeg_s(P) = 0.
In particular, for any matrix R € K[X]™™ which is unimodularly equivalent to P and —6-
reduced, R has column degree 6, and P = Im_s(R)"'R.

Let d 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, then a residual instance, then a second basis from the residual, and finally combining
both bases 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
by the divide and conquer algorithms in (Beckermann and Labahn, 1994; Giorgi et al., 2003).

In the next lemma, the first and second items focus on minimal bases and extend (Becker-
mann and Labahn, 1997, Sec. 5.1); the third item gives a similar result for ordered weak Popov
bases. The fourth item, 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, = {A € K[X]™™ | AP, € M} is m, and for any basis P, €
K[X]™™ of M,, 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.
(iii) If Py 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| + 8.

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
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want to prove that p is a K[X]-linear combination of the rows of P,P;. First, p € My, so there
exists A € K[X]™" such that p = AP;. But then A € M,, and thus there exists u € K[X]™" such
that A = puP,. This yields the combination p = uP,P;.

(i) Let d = rdeg,(P»); we have d = rdeg,(P,P;) by the predictable degree property. Using
X 9P,P; X5 = X 9P, X! XtP X, we obtain that Img(P,P;) = Im¢(P,)Ims(P,). By assumption,
Im¢(P5) and Img(P;) are invertible, hence Img(P,P;) is invertible as well; thus P,P; is s-reduced.

(iii) The matrix Img(P,P;) = Im¢(P>)lmg(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 §; + §,, that is,
rdeg,(P,P;) = s+6; +6,. This follows from the predictable degree property, since rdeg,(P,P;) =
rdeg,(P») = t + 6, = rdeg (P) + 6, = s+ 6; + 0». 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 of M being computed, and that P, can be obtained
by focusing only on the rows of P; not in M. In the next lemma, we use standard notation for
submatrices and subtuples: P; ., P, ;, P; 7, s;, where I and J are subsets of {1, ..., m}.

Lemma 2.5. (Using notation from Lemma 2.4.) Let I be a subset of {1,...,m} of cardinality
k €1{0,...,m} and such that all rows of Py with index in I are in M. Let also I° = {1,...,m}\ I
be the complement of 1. Then, the module Mz = {u € K[X]™"™ | u(Py);.. € M} has rank
m — k, and for any basis Pz of M3, the matrix Py € K[X]™" defined by its submatrices

[(Pz)u (ch,p] _ [Ik 0}
P2)re; Py |0 Ps

is a basis of M. Furthermore, if Py and P5 are in s- and tic-ordered weak Popov form, then
P,P, is an s-ordered weak Popov basis of M.

Proof. Let A € K[X]™”, and consider p=Ap € K[X]>=5  Then, we have the equivalence
Ae My & u(Py)p.. € Msince the rows of (Py);, are already in M. Hence 1 € M, & p € M;,
by definition of Mj. This shows that Mj has rank m — k, and since Pj is a basis of M3, we also
deduce that P, is a basis of M.

It is easily verified that if P3 is in t;.-ordered weak Popov form, then P; is in t-ordered weak
Popov form. Hence the conclusion, by the first and third items of Lemma 2.4. O

We remark that the left-multiplication by P, amounts to simply copying the submatrix (Py); .,
and left-multiplying the submatrix (Py),. , by Ps3.

2.3. Computing residuals

Approximant basis algorithms commonly make use of residuals, which are truncated matrix
products PF mod X¢. 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 if d > 0 and O([”*T”-‘ mw) operations if d = 0;

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., 2017, Prop. 4.1).

For the second item, using column partial linearization on P we obtain P € K[X]™" such
that m < m < 2m, deg(ﬁ) < [o-/m], and P = PC where the form of C € K[X]™" is as in
Eq. (6). Then PF mod X¢ = P F mod X9, where F = CF mod X9 is obtained for free since
each row of C is of the form [0---0 X 0- - - 0] for some @ € Zs,. 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 of A4(aF) yields an sz-minimal basis Pxr of Ag(F). However, the more
specific weak Popov forms are not preserved in this process: if P is in s-weak Popov form, then
the column permuted basis P might for example have all its sw-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

L [P
P= [0 )21] € K[X]™"

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 [Pipil1<ke<n. Now, Im¢([p;, ;1) is the subma-
trix of lmg(P) formed by its rows and columns indexed by (iy, ..., i,), and lmg(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<k¢<n is in t-ordered weak Popov form.

For the second item, we prove that the sr-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"lIA’Jr) is[0 --- 010--- 0] with 1 on the diagonal. It remains to show that, for
1 < k < n, the row i of lms,,(n"ll’\’n') has the form [* --- % 10 --- O] with 1 on the diagonal, that
is, at index i;. The row i of lms,,(n"f’n) is the row k of lms(f’)ar; the latter has the desired form
[ --- % 10 --- 0] with 1 at index i, since the row k of Img(P) has the form [ --- % 10 --- 0]
with 1 at index k and since i} < -+ < iy. 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) € Z;’O 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. The base case (d = 1) is solved via fast dense linear algebra over the field K. Here, we
describe PM-Basis with a modified base case, 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 revealing the s-minimal degree of A,;(F), a fact used multiple 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.

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~2mn) 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 =
o Pr, are in A (F), the rows of P generate A, (F), and P is in s-Popov form.
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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 u = (uy,...,u,) such that y; = 1if i € p, and
u; = 0 otherwise

5. Return r;'Pr

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 7iF.

Second, we show that any p € A;(F) belongs to the row space of P. Writingp = qX +r
with q € K[X]™" and r € K™, we have the identity ¢X = qr5'M~'X'"#,P. Furthermore,
pF = rF = rn;'nF = 0 mod X, and therefore rr;! = AM for some A = [4;]; € K™ such that
A; = 0if i € p. Recalling that i; = 0 if i ¢ p, we obtain r = AX* Mng = AnsP.

Finally, we prove that P is in s-Popov form. By construction, IA’*, ;j 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) = I, and it is then easily checked that Img(PT) = L,..

It remains to prove that Img(P) is unit lower triangular, or, equivalently, that

. . deg(pij) + s; < deg(pi) +s; if j <1,
pii 15 monie and { deg(pij) +5; < deg(pii) + S lfj > . (4)
where p;; is the entry of P at (i, j). Writing [1 --- m]rg = [m -+ 7,], we have p;j = prq; for

all i, j. If P; . is nonconstant, then so is IA’,,‘.,* and thus, by construction, its only nonzero entry is
D, = X. Hence P, =[0 --- 0 X 0 --- 0] with X at index i, so that Eq. (4) holds.

Let now P; . be a constant row. In this case, IA),,“* is constant as well and p,,, = 1. Conse-
quently, p; = 1 and Eq. (4) is now equivalent to

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

mj > m;. Since P is lower triangular, this implies Prim; =0, that is, p;; = 0. O]

Now, by definition of 7, if i and j are such that s; > s;, or such that s; > s; and j > i, then

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

e orderd € Zy,

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

o shifts e Z™.

Output:
e an s-ordered weak Popov basis of Ay (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 « (X T4?1P,F) mod X'¥/?); t « rdeg,(P;)
c. P, « PM-Basis(|d/2], G,t)
d. Return P,P;

Proposition 3.2. Algorithm 2 is correct and uses O((1 + 2 )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 € O(2MM'(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(2: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 from the definition of the cost function MM’(-, -). 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 n € Q(m) and
the order is balanced as in Hg, and this 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’ € Z such that d’ > d, we have
Aq(F) = Ay (FXd/‘d ). In particular, algorithms for uniform orders can be used to solve the case

for a balanced order (d such that Hg: d € O(o/n)), PM-Basis uses O((1 + n/m)MM’ (m, o-/n))
operations, where o = |d|. O]

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.
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Algorithm 3 — Popov-PM-Basis (Popov basis via PM-Basis)

Input:
e orderd € Z ),

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

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

. P « PM-Basis(d, G, s)

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

. Return Im_s(R)"'R

N B W=

4. Reduction to the case n < m

Letd = (dy,...,d,) € ZL,, 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, assuming d; > --- > d, for simplicity. The idea is to
efficiently compute a basis P of a truncated instance, namely of Ay (F mod X)) for the order

d = (dm, .. sdmsdln+17' ~-sdn) € ZZO

Then, the residual instance consists of the order d = d—d’ and the matrix F = PFX~¢ mod X9:
by Lemma 2.4, for any basis P of ﬂa(f*‘), the product PP is a basis of Aaq(F). By construction,
the residual matrix F has m rows and less than m nonzero columns.

In Algorithm 4, we detail how to efficiently obtain P and the residual instance (&, f‘). We now
sketch 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 vpy 1 = n—vy—---—ve. This can be illustrated as follows:
m
d = (>20...,>20 200020 207 28 1,1,
—_— | —— ——— N——r
Verl ve Ve-1 Yo

Furthermore, we let t; = vy +ve+- - -+v; = max{j | d; > 21}, 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
the straightforward approach consisting in a single call to PM-Basis with order d = 2¢ € O(o/m),
which uses O(;-MM’(m, o/m)) operations.

The first call is with d = 1 and computes an approximant basis Py for all gy = 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
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the first 4; = n — vy columns of G mod X, giving an approximant basis P;. Then PPy is a basis

.....

P = P,---Pj and we are left with a residual matrix having at most v,.; = e < m nonzero
columns.

Algorithm 4 — RepuceCoLDim (Reduction to n < m via PM-BasIs)
Input:
e orderd = (dy,...,d,) € Z, withdy > -+ > d,
e matrix F € K[X]"™" with cdeg(F) < d and n > m,
e shifts € Z™.
Output:
e d= (d-dy,...,d, —d,) e Z;O, where v = max{j | d; > d,},
F=x [(PF.;) mod X%|---|(PF,,) mod X%] € K[X]™,
§ = rdeg (P) € Z™,
P an s-ordered weak Popov basis of Ay_4 ¢, (F).

dj 28l form < j<nyandd; « d; +dy —dy for 1 < j<m
F — FX%4 whered = (d,....d,)
. € —logy(dy); i «— max{j|d; > 2"} for 1 <i< ¢ andv < max{j|d; > 2%
. P «— M-Basis-1(F mod X, s)
. Forifrom1to¢:
a. G — (X 2"P[F,,|---|F.,,]) mod X*"'
b. P; «— PM-Basis(2'"!, G, rdeg (P))
c. P—PpP
6. d «— (d) —dy,...,d, —d,); and § « rdeg,(P)
. ¥ « X" [(PF, ) mod X%|---|(PF,,) mod X%]
8. Return (d, F,8,P)

|

Proposition 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 Ay(F), then QP is a basis of Aa(F).

Proof. Steps 1 and 2 compute d and F such that (d;);s,, are the smallest powers of two larger
than or equal to (d;)ism, and Ag(F) = ﬂa(f?) (see Remark 3.3). Step 3 defines parameters, and

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

Q.2 s dy) = s Ay A - - 5 dy) = d — (d, 0).
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By choice of I, we obtain that P is an approximant basis for F at order
d=(@.0) = A, ....dn.dns1s ... 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
0(%MM(m, 2/)) operations since y; > m. Then, according to Proposition 3.2, Step 5.b uses
O(E:MM’(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(Y <<, MM’ (m, 2771)) € O(MM'(m, o-/m)) operations
in K, where we prove the inclusion as follows. By definition of MM’(., -),

Hinane om, 21y = i pi-1-kMM(m, 2%)
1<i<t 1<i<t, 0<k<i
<2y 27*TMM(m, 25) < 4MM’ (m, o7 /m).
m
0<k<t

Both inequalities are consequences of the construction of d: the first one follows from
2002 |dl =dy + -+ dy + (e = pee)25 -+ (= )2+ (1= ) 2 T 27
while the second one comes from the fact that we have £ — 1 < log(o/m), since
m2¢ = md, < d, oot dy < IaI < 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 oo > m, since otherwise the claimed bound follows from that of the first item in the
same theorem. We first apply Algorithm 4 to reduce 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, IA?, 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 deduce the s-minimal degree ¢
from the two bases (without computing the product), and then either restart the process with the
shift -4 (similarly to Algorithm 3) or call the more general algorithm in the next section.

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 Aq(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
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constant transformation Im_s(R)™'R. An obstacle towards computing R efficiently is the possible
unbalancedness of 6 = cdeg(R), which also impacts the shift —6. 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 RepuceCoLDim
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 < [ld|/m]
(-0, C, (@)1<i<m, m) < CoLPARLIN(—0, 6, max(—0)) // see Section 5.1
2. /* RepuceCoLDiMm = fewer columns than rows */
permute d into nonincreasing order, and permute the columns of F accordingly
A A A RepuceCorDimv(d, CF mod X9, %) ifn>m
@F-5.R) vl £ ) ffn2m
(d, CF mod X%, -4, I5) ifn<m
v « the number of columns of F // FeK[X]™ with v<m
3. /* Overlapping linearization = balanced order and dimensions */
Construct £5(d) € Z7” and L ;(F) € K[X]™"**" as in Definition 5.5
t—(-0,-96,...,—0) € Z'S”a"
4. /* Compute approximant basis for linearized instance */

d « max(Ls@d); A « (d,...,d) - Ls(d)
P — PM-Basis(d, Layg(F)XA ,t)
5. /* Deduce basis for original instance and normalize */
R, « leading principal 7 X 7 submatrix of P
R « submatrix of R;R;C formed by its rows at indices @} +--- + a@; 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
differences due to our goal of handling arbitrary orders d and computing bases in 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
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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).

When the shifted minimal degree is known, it directly gives 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 deal with 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.
Hence we present, in the next lemma, the details of a more general transformation similar to that
in (Zhou and Labahn, 2012, Sec. 6) but for arbitrary orders d; in Lemma 5.4, we apply it to the
specific case where the minimal degree is known. For more insight into this transformation, we
refer the reader to the latter reference as well as to (Storjohann, 2006, Sec. 3).

From the next lemma we derive a procedure CoLPARLIN which, on input (s, 6, ), returns the
partial linearization objects (8, C, (@;)1<j<m, m). It is used in Algorithms 5 and 8. The parameter
¢ is a degree for partial linearization: roughly, columns of degree more than ¢ will be split into
several columns of degree less than d, or shift entries that are more than ¢ will be split into several
shift entries that are less than §. On the other hand, the parameter ¢ has an impact on the degree
threshold beyond which we can recover the approximants for the original instance from those for
the partially linearized instance, as stated in Lemma 5.3.

Lemma 5.2. Lets € Z™ and consider two parameters § € Z-o and t € Z for partial linearization.

Define the shift t = (t1,...,t,) = s —max(s) +t € ZZ, and for each i € {1,...,m} write
—ti=(a;— Do+ B;witha; = [-t;/6]land 1 < B; <6ift; <0, and with a; = 1 and B; = —t; if
t; >20. Letm = ay + - + @, and define the shift s € ZZO as

S=(=0,....,=6,~PB1s..., =0, .., =0, —Bm). (5)

(3] @y

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

1 X0 ... x@-1s
C’= ) (6)
1 X6 . X((t,,,—l)é

Then, for eachi e {1,...,m},
o Ifavector p € K[X1™™ has s-pivot index a1 + - - - + o; and S-pivot degree ¥, then pC has
s-pivot index i and s-pivot degreey + (a; — 1)d =y — t; — B;.
e [favectorp € KlX]]X”l has s-pivot index i and s-pivot degree y > —t;, then p = pC for
some p € K[X]"™™" which has s-pivot index a; + - - - + a; and S-pivot degree y + t; + Bi.

Proof. Since @; > 1 for 1 < i < m, we have m < m. Besides, the bound on s follows from
min(—¢, 1) = min(—t, 1) < B; < ¢, which holds by definition. Now, if # > 0, for all i we have
a; <1+ (t—1;)/6 since t > t;, hence the upper bound on .
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Let p be as in the first item, and let p = pC. We write p = [p;li<j<m, P = [pjli<jsm, 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; (in which case 5; = —;) and strict inequality if
J> a1+ +a;. By construction, p; = 31 <t<q, Pays-sa;, + X holds for 1 < j < m, hence

deg(p)) < lrsl}fgilj (7 = Bi = Saytaj+k + (k= 1)5)
=y =Bi+Bj+(aj=16=y=Bi—t

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 € KIX]P"
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(Po,+..+a,) < deg(pj) —(a;—Dé <y +1; —1j— (; - 1)6
= 7 _ﬁi +ﬁj = 7 + Eaq+---+a,- - Eal+--~+aj»

where the second inequality is strict if j > i. Furthermore, for k ¢ {a; +--- + @, 1 < j < m}, the
requirement deg(p,) < 6 = —s; implies that deg(p;) + sk <O <y +t; =Y = Fi =7 + Sqy+tar-
Thus, p has s-pivot index a| + - - - + @; and s-pivot degree y. O

Lemma 5.3. Letd € Z”, let F € K[X]™" with cdeg(F) < d, and lets € Z". Let 6 € Z
and t € 7. Below, we use notation from the construction in Lemma 5.2 on input (8, 6,t), and in
particular, (5, C, (@;)1<i<m, M) = COLPARLINGS, 6, 7). Then, we have Ag(F) = Ag(CF mod X4)C.
Let 6 = (61,...,0,) € Z’Z”O be the s-minimal degree of Aq(F), let Pe K[X]™™ be an s-
ordered weak Popov basis of Aq(CF mod X9), and leti € {1,...,m}. If§; > —t;, the approximant
Fm+...+m,*C € Aq(F) has s-pivot index i and s-pivot degree 8;. Furthermore, ijfi,]Jr...m,.,* has s-

pivot degree larger than B; (or, equivalently, rdegg(l_)dw...mh*) > 0), then §; > —t,.

Proof. The inclusion Ag(F) 2 Ag(CF mod X%)C is obvious: any p € Ag(CF mod X?) satisfies
PCF = 0 mod X? by definition, hence pC € Ag(F). Conversely, from any p € Ag(F) one can
construct p such that p = pC, since C contains I,, as a submatrix; then pCF = pF = 0 mod X9,
hence p € Aq(CF mod X9) and therefore p € Aq(CF mod X¢)C.

Now, let p = ﬁaﬁ...ml,,*. The above paragraph shows pC € Ay(F). Since P is in s-ordered
weak Popov form, p has s-pivot index a; + - - - + @;; let y be the s-pivot degree of p.

From the first item in Lemma 5.2, we obtain that pC has s-pivot index i and s-pivot degree
y — t; — B;; this must be at least 6; by minimality of §. On the other hand, the second item implies
that there exists an approximant in Ag(CF mod X4) which has s-pivot index a; + - - + @; and
s-pivot degree &; +#; +3;; this must be at least y by minimality of P. Thus, we have y —;—8; = 6;.

To prove our last claim, we assume that y > 3;, and we show that §; < —; leads to a contradic-
tion. Indeed, in this case there exists p € Ag(F) with s-pivot index i and s-pivot degree y = —f;.
Then, the second item in Lemma 5.2 proves the existence of an approximant in Ag(CF mod X?)
with s-pivot index a; + - -+ + @; and s-pivot degree y + ; + 8; = B; < Y, which is impossible by
minimality of . O
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We now specialize this result to the case where the s-minimal degree of Aq4(F) is known.

Lemma 5.4. Letd € 7, let F € K[X]™" with cdeg(F) < d, lets € 7", and let § € Z%, be the
s-minimal degree of Aq(F). Choose parameters 6 > [|0|/m] and t = max(—8). We use notation
from Lemma 5.2 on input (-0, 6, t); in particular, (s, C, (@)1<i<m> M) = CoLPArRLIN(-8, 6, 1).

Then, we have m < m < 2m, =6 <'s < 0, and s = —0 where 6 is the s-minimal degree of
Ag(CF mod X?). Let Pe K[X]™™ be an s-ordered weak Popov basis of Aq(CF mod XY and
R € K[X]™™ be the submatrix OfI_’Cformed by its rows at indices {a+- - -+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).

Proof. The lower bound on m follows directly from Lemma 5.2, and so do the bounds on § since
max(t,—1) < 0. By choice of ¢, we have t = —6§, whose entries are nonpositive. Thus, for each
ie{l,...,m},wehaveq; = 1if 6, = t;, = 0 and a; = [,/ otherwise; in both cases, o; < 1+06;/6.
Summing these inequalities, we obtain m < m + |6|/6 < 2m by choice of §. Furthermore, since
—t < § entry-wise, Lemma 5.3 shows that R is a —d-ordered weak Popov basis of Ag(F).

Our claim on & can be showed using the minimality of & and the arguments used for prov-
ing the two items of Lemma 5.2; details can be found in the proof of (Jeannerod et al., 2016,

Lem. 4.2) which contains an explicit description of the s-Popov basis of Agq(CF mod X9). O

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 which is solved efficiently by
PM-Basis. 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 an order Ls(d) € Zf{f
and a matrix Lg5(F) € K[X]™x0+0) gych that

o the largest entry of the order Ls(d) is at most 26,

e the increase in dimension is 7 < o-/8, where o = |d|,

e approximants p € Aq(F) of degree at most ¢ correspond to approximants [p q] €
A gy (Las(F)) for some q of degree less than rdeg(p).

The last item, detailed in Lemma 5.6, gives a link between the original approximation in-
stance and the one obtained after linearization. This implies that a minimal basis for the original
instance can be retrieved from a minimal basis for the transformed instance, assuming we choose
¢ as an upper bound on the degree of the former basis; this approach is detailed in Lemma 5.7.

The first two items are direct consequences of the construction, given in Definition 5.5. They
specify the dimensions of the transformed instance. In the context of Algorithm 5, the output
column linearization of Section 5.1 has already been applied, which ensures that we are seeking
a basis of degree about o-/m, and hence 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.
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Note that, in general, the s-Popov approximant basis may have degree up to o, in which case
one would choose 6 > ¢ in the above approach: this would not lead to any improvement since
the entries of the order have not been decreased by the linearization. Still, in some contexts it is
known that the sought basis has rows of small degree: using a small parameter ¢ will not yield
the whole basis but does give the small degree part of the basis (see Lemma 5.6). This was one
of the key properties mentioned in the original design of this linearization in (Storjohann, 2006),
and used in (Zhou and Labahn, 2012) to handle shifts that are weakly unbalanced around their
minimum value (see also Section 7.1).

Let us now present the construction of Ls(d) and Lg s5(F).

Definition 5.5. Letd = (dy,....d,) € Z,, let F € K[X]™" with cdeg(F) < d, and let 6 € Z.

Then, for 1 <i < n, letd; = a;0 + B; with a; = [% - 1] and1 <3 <6.
Let also n = max(a; — 1,0) + - - - + max(a, — 1,0), and define

Lsd) = d,....d,) e 7",

where 3,- =(26,...,20,0 + ) € Z‘:‘b ifa; > 1 and Ei = d; otherwise. Considering the ith column
of F, we write its X°-adic representation as

_ O (1) 36 (@) yai§
F.,=F ] +F X"+ - +FX"
O O @ 4
where cdeg([F”) F FON < (6,....8,8).
If a; > 1, we define
F.=[FO+Fx  FO+F2x% ... FOV 4 FOX e KX
and E; = [0 1,,_1] € K[X]@ D% and otherwise we let F*,i =F.,; and E; € K[X]™!. Then,

F., F., --- F.,
LysF) = E, c K[X](m+ﬁ)><(n+ﬁ)

E,
is called the overlapping linearization of F with respect to d and 6.

The next lemma gives a correspondence between the approximants of degree bounded by 6
in Aq(F) and in A z,q)(La,sF)). It uses notation from Definition 5.5.

Lemma 5.6. Lerd € Z’lo, let F € K[X]™" with cdeg(F) < d, and let § € Zy. Then,

o Ifp € K[X]1™" is in Ag(F), then there exists a unique q € K[X]1™" such that [p q] €
Arya)(LasF)), rdeg(q) < rdeg(p), and cdeg(q) < Ls()ET where E = diag(E,,...,E,).
Explicitly, it is defined as q = —p[F.; --- F,,JET mod X£@E",

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

Proof._ Concerning 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.; + ¢;E; = 0 mod X% .
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Now, for i such that @; > 1, we define q; = [q1; “** Ga—1.] € K[X]™@D as

{ ;i = X PpF? 4 - 4 FUTVXU-19) mod X¥, for 1< j<a;—1, o

Qa1 = X_(Ui—l)ﬁp(Fi(’)l? bt Fi"’;‘z)x(m—Z)é) mod X5

These are polynomials since pF,; = 0 mod X%, and rdeg(q,) < rdeg(p) holds since by construc-
tion cdeg(Fff;) < §forall k. For j < a; — 1, p(Ffl? oot Fi{;l)X(j“)‘S) = 0 mod XU*?¥ becomes
q;i X7 + p(Fi{?Xj‘s + Fi{;l)X(j”)‘s) = 0 mod XU*?° hence p(Fi’l) + Fi{;l)X‘s) +¢;; = 0 mod X%,
Similarly, we obtain p(Fi"’i"_l) + Fi‘fi")X‘s) + ¢a,-1.; = 0 mod X°. In short, we have

b ool

Thus, by construction of Lgs(F) and Ls(d), we have [p qi -+ q,] € Ag,@a)(Las(F)). Besides,
we have proved the degree bound for [q; --- q,]; the explicit formula follows from Eq. (8),
since the latter gives q; = ¢;E;E] = —pF, ;E] mod X4E]

Now, we prove the second item. We write q = [q; --- q,] withq; € K[X]™O if a; € {0, 1}
and q; = [q1,. -+ »qa,-1.] € K[X]™X@ D if @; > 1. Leti € {1,...,n}. If a; € {0, 1}, then we have
pF.; = 0 mod X% If @; > 1, then the identity in Eq. (8) holds and yields

=0 mod Xz", where d_, =(20,...,26,0 + ). (8)

P(FY) + F()X’) = 0 mod X*,
P(EY) + F/VX%) = —q, mod X* for1 < j<ai-2,
P(Fi(,liiil) + FfZ")X‘S) = —qq,-1,, mod X**#,
where q; = [q1,- - -, qa,—1,i]. The first identity and the second one for j = 1 imply that
P(F) + F)X° + FO)X*) = pE) - q1,X" = 0 mod X*;

using the bounds rdeg(q) < ¢ and rdeg(p) < & we obtain q;; = X“spFi(’)l.) and pF.; = 0 mod X*°.
Then the same arguments with the above identity for j = 2, we obtain g;; = X‘z‘sp(Fi?i) + Fi{i)X‘S)
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 Ay (F) can be deduced from one for the transformed
problem, as long as ¢ is chosen to be at least deg(P).

Lemma 5.7. 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(Las(F)). Then, the leading principal sub-
matrix R € K[X]"™™" of P is a —6-ordered weak Popov basis of Aq(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 = (=8, =6, ..., —6) € Z"™.

Let P € K[X]"™" be a —d-ordered weak Popov basis of Agq(F). Then, we have rdeg_z(P) = 0
according to Lemma 2.3, hence in particular all the rows of P have degree at most ¢. The first item
of Lemma 5.6 implies that there exists a matrix Q € K[X]™" such that all the rows of [P Q]
are in Ay, a)(Las(F)) and rdeg(Q) < rdeg(P). Then, by choice of t, we have Im¢([P Q]) =
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[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 Py,
Py Py

] with R € K[X]™" and Py, € K[X]™".

Since the t-pivots of [R P,] 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 5.6 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 |6] < o = |d| by Lemma 2.2, hence & = [o-/m] > [|8]/m]
and thus we can apply Lemma 5.4; it ensures that the tuple g_computed at Step 1 is the —6-
minimal degree of Aq(F) and satisfies —§ > —¢, that is, max(§) < 6. Besides, since Ry is in
—d-ordered weak Popov form, it has —§-pivot degree rdeg_5(Ry) + 6 = -6+6, by definition of
b at Step 2. Thus, by the fourth item of Lemma 2.4 and by Proposition 4.1, b is the —6-minimal
degree of ﬂ&(ﬁ). This further implies b < &, and therefore max(S) < max(d) < 6.

By Remark 3.3, Step 4 computes a t-ordered weak Popov basis P of A @ (La, 5(17')). Then,
Lemma 5.7 applied to (&, F, —8, 3, 0) shows that R; is a —b-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 —8-ordered weak Popov form, since -6 = rdeg_z(Ry). It then follows from
Lemma 5.4 applied to (d, F, s, §) that Im_s(R)~'R is the s-Popov basis of Ag(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 Lemma 5.4. Then Proposition 4.1 indicates that
Step 2 uses O(MM’ (m, o-/m)) operations, which is within the announced bound.

From v < |d|/6 by Definition 5.5 and dl <o by Proposition 4.1, we getv < o/[o/m] < m.
Thus, L&’é(ﬁ) hasm+v < 3mrows and v+v < m+Vv < 3m columns. Besides, by construction of
Ls(d) 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’ (i1 + 7, 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((A?) < [o/m], which gives
deg(R;) € O(o/m) (remark that here only the case oo > m: is relevant, since otherwise n < o <
m < m and then R = I;). Thus, computing R,R| uses O(MM(m, o-/m)) operations. Then, given
the shape of C, obtaining R from R,R; uses O(mmo/m) C O(mo) additions in K.

Finally, the computation of Im_s(R)™! at Step 5 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)).
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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.

Algorithm 6 — PorovApPBAsIs (Shifted Popov approximant basis)
Input:
e orderd = (dy,...,d,) € Z,

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

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

1. fo=d+---+d, <m: // Base case
a. Forifrom1ton:
@) B« [£0 £ o f90] e K™ where F.; = Foeeq £V X"
01
(i) Z; — } € Kéxd
)
b. E—[E; - E,|eK™: Z diagZ.....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)
¢. P, « PopovArrBasis(d, I, §)
d. 0, « diagonal degrees of Py; 6, « diagonal degrees of P,
e. Return KnowNDeGAPPBaAsIS(d, F, s, 81 + 67)
3. Else: // Divide and conquer
a. 1 <iy<nandl<d<dsuchthatd, +---+d;j_1 +d = |0/2]
fi,1 — F.;, mod X% £, « X U(F.; —£,1)
c. di —(di,....dj-1,d); Fi — [Foql---|Fyj-1lfi 1]
d. dy « (dj, —d,digs1,....dn); Fo — [£i 2[Fs sl IFs ]
e. P, « PorovAprpBasis(d;, Fy,s); 8, < diagonal degrees of P,
f. G « P,F, mod X% // using partial linearization
g
h

&

. P, « PorovArrBasis(d,, G, s + 0;); 0, < diagonal degrees of P,
. Return KnowNDEGAPPBAsIs(d, F, s, 61 + 8,)

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®~'colog(m))
operations in the cost bound.
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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 o > m > n, |cdeg(P;)| < |o/2] < o by Lemma 2.2, and
|d;| = [0/2] < o by construction.

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 Aq,(G). Then, the s-minimal
degree of Aq(F) is 8, + 6, according to the fourth item 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 describe approximant basis algorithms which are efficient when the shift
is weakly unbalanced around its minimum value (Section 7.1) or around its maximum value
(Section 7.2). We recall these notions from Section 1. In the first case, this means that s satisfies
the assumption Hs min, that is, s — min(s)| € O(o) with o = |d|. In particular, a balanced shift
(that is, one which satisfies Hspa: max(s) —min(s) € O(o/m)) also satisfies Hs min. In the second
case, this means that s satisfies Hs max: Imax(s) — s| € O(o).

For shifts satisfying FH;min, any s-minimal approximant basis P has small average row de-
gree §, 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 < ¢). Then, Zhou and Labahn (2012)
show how the computed rows allow us to discard a corresponding large number of rows and
columns in the overlapping linearization at degree 26, making it efficient to recover the rows of
P of degree < 24. 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-ordered weak Popov form. We do not assume that
s satisfies Hs min, but we describe the algorithm and a complexity analysis using the parameter
|s — min(s)| (see Proposition 7.3). Besides, we observe that this generalized algorithm remains
efficient: it has the same cost bound as in (ibid., Thm. 5.3) if we assume H yip.

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, with
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
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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 Hs -

In Section 7.2, we present a generalization of (ibid., Algo. 2) which supports arbitrary orders
and returns a basis in s-ordered weak Popov form. We do not assume that s satisfies H max but
the cost bound is parametrized by |max(s) — s| (see Proposition 7.4). As above, this generalized
algorithm is efficient: it has the same cost bound as in (ibid., Thm. 6.14) if we assume Hj max-

Before going into detail, we remark that the first item (resp. second item) of Theorem 1.3
follows as a corollary of Proposition 7.3 (resp. Proposition 7.4), although these propositions only
prove that we can compute an s-ordered weak Popov basis of Ag(F) within the claimed cost
bound. Indeed, such a basis reveals the s-minimal degree of Aq(F) and therefore it only remains
to call Algorithm 5, which also fits within the claimed cost bound, to obtain the s-Popov basis.

7.1. Weakly unbalanced shift around its minimum value

Here we consider s-minimal approximant bases for shifts such that |[s — min(s)| is small. We
extend the approach of (Zhou and Labahn, 2012, Sec. 3 to 5) to work with an arbitrary order, and
we seek a basis in s-ordered weak Popov form. In this approach, one computes approximants for
overlapping linearizations of (d, F), for a linearization degree parameter ¢ which is doubled itera-
tively until a basis of Ag(F) is obtained. The correctness is based on the next result, which shows
how to use the knowledge of a basis of A, q)(Las(F)) to find a basis of Ay, ay(La2s(F)) (see
Definition 5.5 for the overlapping linearization giving the matrix Lgs(F) and the order Ls(d)).

Hereafter, for m € Z.(, we write J,,, for the m x ([m/2] — 1) matrix whose column £ is the
column 2k of I,,, and J5, 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,
J1 and J5 are the empty 1 X 0 and 2 x O 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,) € Zﬁo’ let F € K[X]™" with cdeg(F) < d, let s € 7", and let
0 € Zsq. As in Definition 5.5, let a; = [% —1lfor1 <i<nandn =} <, max(a; — 1,0). Then,
consider the overlapping linearization Lq5(F) € K[X]"mX(+m2) ypith

ZESY max(% - 1} - 1,0) = > max(la;/2] - 1,0).
1<i<n 1<i<n

We augment this matrix with n — n, zero rows in order to define
- . B F S
F, = diag(L,,, Jo, 1, . -+ Jo, 1) La2s(F) = 77! [-Ed,i;?( )] € K[X]0mxi),

where 7 is the inverse of the permutation matrix

Im
Jor-1 J;

a -1 € Rm+X e+

Ja,,—l fon—l
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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,) € KWMXt#m) qpd §¢ = diag(SS, ..., S¢) € KWDXAT) yith for 1 <i<n,

;|

By construction, we have Lqs(F)S = F, mod X£/@S and 0 < Lo5(d) — L5(d)S < 26.
Let us define the order d = (L5(d), Ls(d)) € Zi’(’:“"z, the shifts § = (s — min(s), 0) € Z"™"
and’s = (s — min(s), 0) € Z"*™, and the matrix ¥ = [Lq5(F) F,] € K[X]0DX@n+iti) - Thep,

e For any s-ordered weak Popov basis P € K[X]"2Xmm) of A 4 (Laos(F)), the matrix

052

] c Kmax(m,l)xmax(l_aiﬂ],l) and Szc — [JC
a;—1

} c Kmax(m,l)x(max(m,1)—max(|_ar,»/2J,l))

Ja/;—l

[P —P,FS¢ mod XL@s* .
7 0 ‘ ngl((t)l)SC € K[x]immxem+m ©)

is an §-ordered weak Popov basis of ﬂa(f?), where P, € K[X]"2Xm ig the submatrix of P
formed by its leftmost m columns and Fe K[X]"™0* s the submatrix of Las(F) formed
by its top m rows.
e For any §-ordered weak Popov basis P € K[X] of ?[;,(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) < & and
[p ql € Ar@(LasF)), we have [p q € Az(F).

Proof. (First item.) We define Q = —P,;FS° mod X£@S" ¢ K[X]m*+2)x(-7) and we denote
by B the matrix in Eq. (9). Then, we start by showing that all rows of B are in Ay(F), that is,
BF, = 0 mod X£»@ and B.Lys(F) = 0 mod X% First, we have

BFQ = 71'_1 [l(; X.LSd)S“ ] 71'71'_1 [Ld,i;ﬁ(F)] — ”—1 [P.Edii&(F)] = 0 mod XLZO‘(d)

(m+n)x(m+n)

by assumption on P. Since L5(d) > L5(d)S, this also gives BLgs(F)S = BF, = 0 mod X£:@S
and thus it remains to show that BLg s(F)S¢ = 0 mod X%@S" | By construction, the last 77 rows
of mLys(F)S¢ are formed by 7, zero rows followed by the identity matrix:

Joyp-1)"
012
i G 001 Loy -1 - 0-
00 Ta|mLas®)SE=| 5 v 3 - =2
’ ap-1 . . Iﬁ_ﬁz

(NS P! 012

. B -
ag, )"
(10)
As a consequence, we have
P, FS+Q

1 |P _ .
BLys(F)S =" [0 X L%)Sc]ﬂ'-ﬁd,&(F)Sc =g [ xL@s | = 0 mod XL@S"

Now, we prove that any p € ﬂa(ﬁ) is a combination of the rows of B. Write p = [p qlr
with p € K[X]™") and q € K[X]@7). Then, p € Ay(F) implies first p € Az, (La2s(F)),
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hence p = AP for some A € K[X]™"*™) and second AP;FS® + q = [p qlnLas(F)S¢ =
0 mod X5®S hence q = AQ + uXL DS for some p € K[X]*@7) Thus, p = [1 u]nB.

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 7.Ba~! 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) > 20, then rdeg(q) < rdegs(p) follows since by construction we
have rdeg(q) < max(Ls(d)) < 26. If rdeg(p) < 26, since p is in A z,;a)(La26(F)), the second
item of Lemma 5.6 (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 + 723) X (m + 71,) submatrices of 7Ux~! and aPr~!. The
first item of Lemma 2.8 shows that Py is in s-ordered weak Popov form. Besides, the identity
aPr! = 27U '7Bx~" and the triangular shape of aBx~! 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 Az, a)(La25(F)).

(Third item.) We want to prove that [p q] € A Lzé(d)(l?v‘ 5). The second item of Lemma 5.6
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] € A @a)(LasF)), thenr = q. (Note that here the constraint
cdeg(r) < L5(d)ET from Lemma 5.6 is implied by rdeg(r) < 6 < min(Ls(d)E").)

Lemma 5.6 gives qu € K[X]"™™ such that rdeg(q,) < rdeg(p) and [p q2] € A g, @a)(La2s(F)).
Then, define q3 = —pFS¢ mod X£@S°  which is a subvector of q = —pFET mod X%@E" gince
S¢ selects a subset of the columns selected by ET. Let further r = [qy q3][0 I;lr € K[X]™";
by construction, we have rdeg(r) < rdeg(p). We are going to show that [p r] € A Lzé(d)(lvi‘z) and
[p r] € Ag,ay(LasF)): the latter point implies r = q by the mentioned uniqueness, and then
the former point gives [p q] € A £26(d)(l\;“2), thus concluding the proof.

Noticing that [p r] = [p q> q3]x, the first point follows by construction of FZ:

1| La2s(F)
0

[p rlf> =[p @ qslan = [p q2]La2s(F) = 0 mod X2@

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. (10) gives [p r]Lyas(F)S® = [p q2 q3]nLas(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 (Zhou and Labahn, 2012, Thm. 3.15 and Algo. 1).

The second item in this lemma implies that, knowing a basis of A r,a)(LasF)), we can
obtain a basis of A y,a)(La26(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
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of degree less than ¢ in the first basis are already in Az, @a)(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]™Xt") pe qn §-ordered weak Popov basis of A r,a)(Las(F)), 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 + 7} \ I be the complement of
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 Z':B”Z, as well as the residual
G = P F,X# mod X' # € K[X|"7-0X0472) qnd g basis P, € K[X)7-0x0mta=h of Ay—u(G)
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 iPx~" is an s-ordered weak Popov basis of A r,,a)(La2s(F)).

Proof. The fact that I C {1,...,m} follows by definition of the §-ordered weak Popov form.
Indeed, since § = (s — min(s), 0), such a row [p q] with rdeg(q) < rdeg(p) < rdegs_min(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 6 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 r,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 7 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; > §/2 need to be considered in the iteration with linearization parameter ¢, 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)(La,s(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 Ay(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 (assumption Hs ;). 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, [o/m]) + MM’ (m, d)) operations in K.
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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(1+7) 5 in Definition 5.5
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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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/[&/m1)] iterations since ¢ is doubled at each
iteration, and as mentioned above L4 5(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
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,

o P, has dimensions Card(/°) X (m + n) and degree < 26;

! [L“'Z”éF)*J ] has dimensions (m + 1) X Card(J) and degree < max(Ls(d)) < 46;
G has dimensions Card(I¢) x Card(J) and degree < max(v — u) < 26;

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

As above, 1 is such that L4 s(F) has dimensions (m + 1) X (n + n), and n < o /6 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 5.6 shows that the set I C {1,...,m]} precisely contains the indices of the
latter rows. Thus, Card(l) > m — £/6, and Card(I°) = m +n — Card(l) < n + £/6 < 2£/6.

Furthermore, note that the entries of Ls(d)S and £,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 Lgs(F) and also in Ly 5s(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
Lr5(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 29, and of the number of indices
i €{l,...,n}such that d; > 26; 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 6 = 2k=15, and the dimensions satisfy m + n < 2m,
Card(I®) < 2¢/6 = 2*7%¢/8y < 2°7%m, and Card(J) < 0/8 = 2% /6y < 2'7%&/6g < 21 m.

Then, both matrix multiplications at Steps 2.b.(ii) and 2.b.(iv) use 02" 'MM(Q2'*m, 2¢-16,))
operations. Besides, the call to PM-Bass 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’(m, 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] € ®(c/m) since ¢ > n > m.
Besides, the former proposition and the specification of RepuceCoLDim ensure that:

o deg(P;) <20 /m, hences <§ <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
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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 oo < 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.
Under the assumption Hy, we obtain

MM’ (2 %m, 21 /m1) + 25 MM m, 25T¢ /m7)
€ O((2 ™ m)“M@2"1&/m1) log(2'T&/m) + 2 2~ m)*MQ2*[£/m1))
< O(m“M(T&/mD(Q2 ¥ (k + log(T&/mT)) + 1)),

since Hy implies in particular M(2¥[£/m1) € OQ2“~-DEM([€/m)). Since 345 k27 is the constant
2, summing over 0 < k < 1 + log(d/[é/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(o) and thatd = (d,...,d) € Z
with n < m < 0 = 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 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' (. [/ + MM (. d) + > C(Z.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 5.3 proves that of Step 3, using in addition (Zhou and Labahn, 2012, Thm. 6.11) to show
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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, (@)1<i<m,m) < CoLPARLIN(S;, 6, 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. < P diag(ey, ..., en), Where e; = 1 if i € I and e¢; = 0 otherwise
S. Return P

e 20T

that we may discard the rows of F with index not in 7 (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, [o/u]) + MM’ (u, d))
operations; since the loop at Step 3 has exited, we have { > ud.

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 ¢ > O be the cardinality of I at the beginning of an
iteration; hence ¢ > 2|max(s) — s|/c. Then, at the end of the iteration, we have that [ is contained
in{i € {1,...,m} | s; < max(s) — &} which has cardinality at most |max(s) — s|/d. 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, 27 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 Hy;. We first remark that we have [2%//m] < 2*[¢/m], since [[ar]/a] = [r]
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holds for any real number r and any positive integer @. Besides, the assumption Hy implies that
M(2¥1Z/m]) € 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([¢/m) log(d)).

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(TZ/m1) log(d)) € O(m“M(T/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) € OuM([o/uT) log([or/u1)).

One can simplify the latter bound slightly further, in order to facilitate the comparison with
(Zhou and Labahn, 2012, Thm. 6.14). Indeed, we have [%] € 0(%[%1) since m > u. Then, using

M(Tor/ul) log([or/u1) € O((m/w)*~ ' M(To-/m1) log([or/m1)),

which is a minor strengthening of the assumption Hyy, the last bound in Theorem 1.3 becomes:

O(m“M([¢/m1)log(d) + p“M([o /1) log(To/uD)
€ O(m“M([¢/m1)log(d) + m“M([o-/mT) log([o/m1))
€ O(m*M([¢/m) log(dlo/m])).

Finally, we remark that if n < m, then we have o < md and therefore this upper bound be-
comes O(m“M([{/m])log(d)). This matches the bound in (Zhou and Labahn, 2012, Thm. 6.14),
where n < m is assumed. We further note that in the specific case considered in this reference (the
order d is uniform and n < m), the algorithm stops as soon as the row and column dimensions
become roughly equal, and therefore it does not need to rely on column dimension reduction;
thus, in this case, the term MM’ (u, [o-/uT) can be removed from the above cost bounds.
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