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Preamble

In this document, we aim at designing fast algorithms to solve problems from computer
algebra and connected fields such as coding theory. Our results improve upon those known
previously for a number of situations. This includes the faster computation of canonical
solution bases for systems of linear modular equations over the univariate polynomials,
and of normal forms of polynomial matrices. We exploit this to accelerate the interpolation
step of the Guruswami-Sudan and Koétter-Vardy algorithms for the list- and soft-decodings
of Reed-Solomon codes. In addition, we give a faster algorithm for the change of monomial
order for zero-dimensional multivariate ideals whose initial ideal is Borel-fixed.

Our main problem asks to compute relations between elements in a vector space, which
is finite-dimensional and equipped with multiplication matrices that make it a module over
a multivariate polynomial ring. More specifically, it asks to compute the Grobner basis of
the syzygy module defined by these elements, for a given monomial order. Many of our
algorithms focus on modules over the univariate polynomials; then, the syzygy module
is free, monomial orders are specified by shifts, and Grobner bases are known as shifted
Popov bases. This general setting encompasses fundamental algorithmic questions about
univariate polynomials, such as Padé approximation and rational interpolation, and from
linear algebra, such as finding the minimal polynomial of a vector.

Our results were obtained by elaborating over ideas and techniques developed for such
questions, with in particular Keller-Gehrig’s algorithm for computing the characteristic
polynomial of a matrix [KG85] and Beckermann-Labahn’s divide-and-conquer computa-
tion of minimal approximant bases [BL94]; the latter follows on from work on the half-ged
algorithm [Knu70, Sch71, Moe73| and Padé approximation [BGY80, CC86]. We both ex-
tend these approaches to more general contexts and introduce new ingredients for faster
algorithms, in particular through a better control of the degrees during the computation.

* k%

Cost model

Our goal is to design fast sequential algorithms. To measure this quality, it is customary
in computer algebra to employ the notion of arithmetic cost, that we describe now.

In all the problems we will study, we work over some field K. The efficiency of our
algorithms is measured by a cost bound, which provides an upper bound on the number
of basic operations in K performed by the algorithm to compute its output. This bound
is usually expressed in terms of parameters that describe the size of the input and of the
output, where by size we mean the number of field elements that are used to represent
these objects. The basic operations in K are additions, multiplications, opposites, inverses,
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and equality testing, which are all supposed to have unit cost.

Our cost bounds will always be asymptotic estimates with constant factors hidden via
the notation O(-), and sometimes polylogarithmic terms omitted via the notation O7(-).
In most cases we will not have any requirement regarding the base field K. There are two
exceptions where we require that the cardinality of K be large enough: first, for problems
from interpolation or from coding theory which involve a certain number of distinct points,
and second to ensure a good probability of success in the case of probabilistic algorithms.

* Kk %
Univariate polynomials and rational reconstruction

One of the important problems in computer algebra and coding theory is the reconstruc-
tion of rational functions: given a modulus m € K[X] of degree D > 0 and a polynomial
f € K[X] of degree less than D, it asks to compute polynomials p;, ps € K[X] such that

pif =pymodm, deg(p;) < Ni, and deg(pz) < Ny (1)

for some prescribed bounds Ny, Ny € Z~(. These are often such that Ny + Ny = D + 1,
thus ensuring the existence of a solution which may be found by linear system solving, as
the coefficients of p; and p, form a vector in the left nullspace of a (D + 1) x D matrix.
Eq. (1) is a single linear modular equation with two unknowns: one of the main goals
in this document is to design fast algorithms for systems of linear modular equations with
several unknowns. In particular, we will borrow from previous work on solving Eq. (1),
which we outline now; we refer to [GG13, Sec. 5.7 to 5.9] for a more detailed overview.

Depending on the moduli, we consider three cases of Eq. (1), which will all play a key
role in our algorithms for generalizations of this reconstruction problem.

The case m = X P, over the field of complex numbers, is known in analysis as Padé
approzimation [Cau2l, Her93, Pad94|. Early algorithms used recursion formulas in the
Padé table to find an approximant in O(D?) floating-point operations; this is discussed
for example in [Bak75, Cla75, BGM96|. Padé approximation was later considered from a
symbolic computation viewpoint, starting with [Ged73, Ged79|.

In the meantime, a solution was independently proposed for solving the key equation
in the context of decoding BCH codes |Ber68, Ch. 7|, which also corresponds to m = XP2.
The algorithm was then modified in [Mas69] into what is known as the Berlekamp-Massey
algorithm; it uses O(D?) operations in K. The fact that this also computes the minimal
generator of a linearly recurrent sequence over K was highlighted in [Zie68, Mas69, Mil75].

The case of a modulus which splits, m = [], . ,(X —3) for some known field elements
(x1,...,2p), is called multipoint Padé approximation [Bak75, Ch. 8] and Hermite rational
interpolation [War74, War76], or Cauchy interpolation [Cau2l] |[GG13, Sec. 5.8] when the
roots are distinct. The latter situation occurs in the decoding of Reed-Solomon codes via
the Welch-Berlekamp approach [WBS86].

In relation with the decoding of Goppa codes, Eq. (1) was considered in its general
form in [SKHN75|, where it was solved via the Euclidean algorithm in O(D?) operations;
this approach can also be found in [MS78] or [GG13, Sec. 5.7|. The intimate connections
between the algorithms of Euclid, of Berlekamp-Massey, and for Padé approximants have
been extensively studied [Mil75, WS79, BGY80, Che84, CC86, Dor87|.

2



In a nutshell, and from a computer algebra point of view, there are two approaches for
fast algorithms. The extended GCD-based approach works in a top-down fashion by first
considering the high-degree coeflicients of the input polynomials. Relying on a divide-and-
conquer scheme similar to the half-ged algorithm of Knuth-Schénhage-Moenck [Knu70,
Sch71, Moe73], a fast variant of this approach was obtained in [GY79, BGY80]. The Padé-
based approach rather operates in a bottom-up manner, starting with the coefficients of
low degree, with divide-and-conquer variants given in [BGY80, CC86|.

In both cases, the divide-and-conquer algorithms can be roughly sketched as follows.
First, they do not compute a single solution (p1, p2) but a 2 x 2 matrix over K[X]. After
splitting the input in two parts of half the degree, they recursively solve the problem for
the first part, update the second part accordingly, recursively solve the problem for this
updated part, and finally combine both recursive solutions via multiplication of 2 x 2
polynomial matrices. The updated part is called the residual.

This yields a cost bound of O(M(D)log(D)) operations in K, where the function
M(-) is such that univariate polynomials of degree at most D over K can be multiplied
using M(D) operations in K. It follows from [Sch77, Nus80| that M(D) can be taken in
O(Dlog(D)log(log(D))) C O7(D).

* k%
A linear algebra point of view

We now discuss how the above reconstruction problem can be interpreted as the search of
a linear relation between the rows of a matrix over K. While this linear algebra viewpoint
is unnecessary in the design of fast algorithms for rational reconstruction as in Eq. (1), it
will be crucial concerning generalizations to systems of linear modular equations.

To see why, note that both the GCD- and Padé-based algorithms solve Eq. (1), which
involves two unknowns in K[X], by considering 2 x 2 polynomial matrices in the process.
For systems with m unknowns, the algorithms will manipulate m xm polynomial matrices.
One may expect that, at some point such as in the base case of a recursion, these matrices
will have low degree or even be constant, and then the problem will be close to computing
nullspaces of matrices over K. Therefore, it becomes important to rely not only on fast
polynomial multiplication, but also on fast tools from K-linear algebra.

The set M = K[X]/(m) is a K-vector space with basis {1, X,..., XP~'}. Representing
an element f € M by its coefficient vector f € K, the multiplication by X in M is
given by a multiplication matriz M € KP*P: the coefficients of X f mod m are fM.

In the case of Padé approximation (m = X”), M is the upper shift matrix

More generally, for an arbitrary modulus m, the multiplication matrix is the companion

3
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matrix built from the coefficients m = ¢y + 1 X + - +cp XP 1+ XP:
0 1
0 1
—C¢ —C - —Cp-1

When m = [], ., p(X —x1) with known roots, we will also use another basis for M. For
example, if the roots are distinct then we can use the Lagrange basis. In this case f € M

is represented by its evaluation vector f = [f(z1) --- f(xp)], and since the evaluations
of X f are [x1f(x1) --- zpf(xp)], the multiplication matrix is the diagonal
I
M= |
Tp

Let us go back to the reconstruction problem, with degree constraints Ny = D+ 1 and
Ny = 0 to simplify matters: we look for p of degree at most D such that pf = 0 mod m.
Since the modular product pf mod m is represented by £fp(M), computing a vector in the
left nullspace of the Krylov matrix

f

fM c K(P+)xD

NP
yields the coefficient vector of a solution polynomial p. For an arbitrary matrix M, the
set {p € K[X] | fp(M) = 0} is an ideal of K[X], whose monic generator is the minimal
polynomial of the vector f and is a factor of the characteristic polynomial of M.

The coefficient vector of this generator is the unique nullspace element whose right-
most nonzero entry has smallest index and is 1, and can be computed in O(D¥ log(D))
operations in K, as follows. Here, w is so that we can multiply m x m matrices over K in
O(m*) operations in K, the best known bound being w < 2.38 [CW90, LG14|. First, the
Krylov matrix is formed within the above bound by repeated squaring of M, as in [KG85,

Sec. 3|. Then, we conclude by Gaussian elimination in O(D*) operations [IMH82|. For
early numerical algorithms along the same lines, we refer to [Kry31, Dan37|.

This linear algebra approach will provide an efficient base case for systems of modular
equations, thanks to its generality: it works for any M € KP>*P and directly extends to
F € K™*P having rows fi,...,f,. In this case, we consider the K[X]-module

{(p1,-- - pm) € KIXT™ [ fip1(M) + - - + £,p, (M) = 0},
whose elements such that deg(p;) < D form linear relations between the rows of

F

FM c Km(D—&—l)XD.

FMP



An overview of results related to this situation is given in [Kai80, Chap. 6]. In particular,
this module admits canonical bases, called Popov and Hermite bases. These are m x m
matrices over K[X], with the former having uniformly small degrees and the latter being
triangular; they correspond to specific sets of vectors in the nullspace of the above matrix.

As an interesting particular case, the identity matrix F = I € KP*P leads to the Popov
basis XI—M, whose determinant is the characteristic polynomial of M. Furthermore, the
Hermite basis is known to have the same determinant, and its triangular form allows us
to retrieve it efficiently. The characteristic polynomial algorithm of Keller-Gehrig [KG85,
Sec. 5] can be seen as the computation of the Hermite basis in O(D* log(D)) operations.

For systems of linear modular equations, where F may be any matrix in K™*” | ideas
from |[Kai80, KG85| and subsequent research lead to a similarly fast computation of Popov
or Hermite bases. One of our contributions is to extend this approach so as to work in
multivariate contexts and to cover a wide range of output canonical bases.

* k%
Some ingredients for fast algorithms

Two common threads in our fast algorithms for systems of linear modular equations are the
use of divide-and-conquer schemes adapted from Beckermann-Labahn’s algorithm [BL94]
and, for the base case of the recursion, of ideas from Keller-Gehrig’s algorithm.

The algorithm of [BL94| applies the bottom-up approach to the more general Hermite-
Padé approximation. In this context, one is given a vector f € K[X]™*! and a tuple N of m
degree constraints, and the equation is pf = 0 mod X? for some unknown p € K[X]'*™.
Eq. (1) corresponds to m = 2 and f being the transpose of [f — 1].

Then, it computes an m X m matrix over K[X| whose rows form a basis of the set of
all solutions without degree constraints. To ensure that one of these rows satisfies them
nevertheless, the algorithm computes specific bases which are said to be s-minimal, where
the shift s is a tuple of m integers that are related to the constraints in N.

In [BL94|, the base case is for D = 1 and is solved by Gaussian elimination. Then,
when D > 2, the following recursion is used:

1. Compute an s-minimal basis P! of approximants for f modulo X?/2;
2. Compute the residual g from P and f, and update s into t;

3. Compute a t-minimal basis P(® of approximants for g modulo X?/?;
4. Return the product P@PW,

After the first recursive call, which has processed the low-degree part of f, the residual
is an update of the high-degree part which then allows us to continue the computation.
Formally, g = (X~P/2PMWf) mod XP/2. At the same time, the shift t corresponds to an
update of the degree constraints, depending on the degrees in P().

For Hermite-Padé approximation and some generalizations, this provides a solution in
O~ (m*D) field operations, which is similar to the cost bound O(m“M(D)) for multiplying
two m x m matrices with entries of degree at most D [CK91]. One main obstacle towards
faster algorithms is the non-uniformity and unpredictability of the degrees in the bases.

Our first objective is to solve systems of equations efficiently for shifts s whose entries
are uniform or close to it: in this case, the average degree of the rows in the output basis is
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in O(D/m). Concerning Hermite-Padé approximation, this was exploited in [Sto06, ZL12|
to reduce to a case with well controlled degrees solved in [GJV03|, leading to the cost
bound O°(m“~'D). This result and the ideas in these references can be used in some of
the more general situations we tackle. In situations where they seem not to apply, we
rather control the degrees by introducing a change of shift at each node of the recursion
described above, ensuring that only uniform shifts are dealt with in recursive calls.

A second goal is to support arbitrary shifts and to compute s-Popov bases, which are
canonical forms of the s-minimal bases. While they have the advantage of having average
column degree at most D/m independently of s, they do not behave well regarding the
product PAPM  To solve this, we adapt the divide-and-conquer scheme: we use the bases
computed recursively to find degree information on the sought basis, and then exploit this
information to reduce to an instance with an almost uniform shift. Instead of multiplying
bases together, we solve this instance efficiently as sketched in the previous paragraph.

Another issue with the above divide-and-conquer scheme is that the recursive tree has
D leaves and each of them uses O(m?) operations. This makes a total cost of O(m?D)
operations, which is beyond our target cost bound O™ (m*~1D). We solve this by choosing
D =~ m as the base case; in this context, we thus aim at the cost bound O~ (D). Besides,
the average column degree of the s-Popov basis is at most D/m ~ 1, suggesting that fast
polynomial matrix multiplication should not be essential for a fast solution. We obtain
the desired efficiency via the linear algebra approach based on Keller-Gehrig’s algorithm.

* % %
Some notations and conventions

A list of the recurring notations in this document can be found at the end of the index.

We will often manipulate tuples of integers, that is, elements of Z™ for some m € Z~q.
Unless indicated otherwise, all tuple operations and comparisons are componentwise. The
set of matrices of dimensions m X n over a ring R is denoted by R"™*". For simplicity
of presentation, in the cost analyses we only consider the case w > 2. All our algorithms
still work if w = 2, with cost bounds that are similar to the ones we give, except that they
may involve additional logarithmic factors. Hereafter, log(-) stands for the logarithm in
base 2, which we stress by writing log,(-) when any ambiguity should be avoided.

Most our improvements consist in providing algorithms that have the best known
cost bound or extend the scope of the fastest known algorithms, for example by using
less restrictive assumptions. In a few cases, our contribution is to give a deterministic
algorithm with a cost bound that had previously only been achieved by probabilistic
algorithms. In what follows, these are always of the Las Vegas type [Pap94, Chap. 11].

* Kk %
Multivariate relations and change of monomial order

Generalizing the linear algebra approach above to the multivariate case, we consider a

finite-dimensional K[X1, ..., X,]-module, given to us as M = KP along with a multipli-
cation matrix M; € KP*P for each variable; we write M = (Mjy,...,M,). Then, for
some elements fi, ..., f,, in M, we are interested in the module of relations

Syzar(F) = {(p1,- .., pm) € K[X1, ..., X, | fipr (M) + - -« + £,pi (M) = 01,
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known as a syzygy module. Given the matrices, the module elements, and a monomial or-
der < on K[X1,..., X,]™, our problem is to find the <-reduced Grébner basis of Syzy, (F).

Improvement: Grobner basis of relation module

[FGLM93| O(rD?) general case
[FGHR14] O(D%log(D) + rM(D)log(D))  <iex, Shape Position
Here (Theorem 2.13) O(rD*log(D)) general case

As sketched above in the univariate case, the sought Grobner basis corresponds to a set
of vectors in the nullspace of a multi-Krylov matrix. Our algorithm essentially generalizes
Keller-Gehrig’s approach to the multivariate context and to arbitrary monomial orders.

As summarized below, in addition to computing the multiplication matrices from a
description of M, the FGLM algorithm [FGLM93| solves this problem. It is written for
ideals (m = 1) in [FGLM93|, but the ideas extend to the case of modules [Fit97]|. Roughly,
our improvement comes from an efficient grouping of the operations, thus performing few
matrix-matrix products, as opposed to many matrix-vector products in [FGLM93].

In a specific context related to polynomial system solving, Keller-Gehrig’s approach
had already been used similarly in [FGHR14, Sec. 3], under the restrictive assumption that
the ideal is in Shape Position. Focusing on the lexicographic order, this reference gives
a probabilistic algorithm in O(D*log(D) + rM(D)log(D)); a deterministic algorithm is
also proposed, yet it has the same cost bound as ours while requiring extra assumptions.

In the problem of the change of monomial order, we are given a <;-Grobner basis of a
zero-dimensional ideal Z of degree D, as well as another order <5, and we want to compute
the <o-Grobner basis of Z. The efficient algorithms in [FGLM93, FGHR14, FM17| can
be seen as a two-step strategy, where one first computes the multiplication matrices M,
and then computes the <5-Grébner basis of some module of relations as above.

More precisely, K[X1, ..., X,]/Z is isomorphic to M = KP? via its monomial basis;
then, Z = Syzy(F) for F=[1 0 --- 0] € K*P, which stands for the monomial 1.
Thus, we have seen that the second step can be done in O(rD* log(D)) operations. Under
the assumption that the <;-initial ideal of Z is Borel-fixed, we obtain a similar cost bound
for the first step.

Improvement: computing the multiplication matrices

[FGLM93| O(rD?) general case
[FGHR 14| 0 <, M, only
Here (Theorem 2.14)  O(rD%“log(D))  Borel-fixed initial ideal

If 7 is in Shape Position, then one only needs to compute M,.. This case is studied in
[FGHR14[, where <; is the degree-reverse lexicographic order <g,;. This reference shows
that M, can be directly read off from the input <g4,-Grébner basis when 7 is a generic
ideal, or after a random linear change of coordinates. On the other hand, FGLM computes
all matrices with a cubic cost in general: <;, <9, and Z are arbitrary [FGLM93].

7
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Our result lies in the middle, with a better cost than [FGLM93| and a more general
situation than [FGHR14|. Precisely, we only assume that the <;-initial ideal of Z is Borel-
fixed, which holds after a random linear change of coordinates if <; refines the degree.

Then, elaborating over the work in [FGHR14|, we compute all the multiplication matrices
in O(rD%log(D)) field operations.

* Kk Kk
Systems of linear modular equations with known roots

Now, we consider systems of linear modular equations over K[X] of the form

pifu+- -+ pmfmi = 0 modmy
. . (2)

where each modulus is known through its roots and multiplicities. In a matrix form, this
system can be written as pf = 0 mod M, where f = [f;];;, M = diag(my,...,m,), and
the unknown is p = [pi];.

As hinted at above, bases of solutions to such a system have cardinality m and can
be represented as m x m matrices over K[X]. Given a shift s € Z™, which stands for a
monomial order and allows us to take possible degree constraints into account, we will
compute bases of solutions that are s-minimal. More precisely, our goal is to compute the
canonical one called the s-Popov basis.

Working over K[X], the notions of <-reduced Grébner bases and of s-Popov bases are
equivalent, so that our problem here is a particular case of the computation of Grobner
bases for modules of relations Syzy;(F). Here, the multiplication matrix M € KP*? is
defined by the moduli, F € K™*? is deduced from [f;;]; j, and D = deg(m;)+- - -+deg(m,,).

In [Bec92, VBB92|, an s-minimal basis is computed in O(m?D?) operations, by an
iterative algorithm which processes the roots one after another. It admits a divide-and-
conquer variant, extending the approach of [BL94]| outlined above to this case.

However, in this situation where roots may be repeated and shared by several moduli,
computing the residual is an obstacle. Here, we solve this by mixing polynomial matrix
multiplication with Chinese remaindering techniques. The latter allows us to convert be-
tween representations of the polynomials f;; by their coefficients and by their evaluations,
which we alternatively use depending on the repetition of the roots. With this ingredient,
the divide-and-conquer version computes an s-minimal basis in O™ (m®D) operations.

Previously, cost bounds quasi-linear in D had only been obtained in the particular case
where all moduli have the form m; = X?/* known as approzimant basis computation
since it generalizes Padé approximation. The cost O (m“~! D) was achieved by exploiting
the facts that the output bases have degree at most D/n [GJV03|, and furthermore that
they have small average row degree assuming that the entries of s are small [Sto06, ZL12].

Here, in our more general context, the second bound on the average row degree holds
when s is small, giving hope for an algorithm in O (m*~'D). However, the first bound
D/n does not hold, and thus we cannot rely on the same ideas as in [Sto06, ZL12|. The
main difficulty is that our assumption that s has small entries is not preserved in recursive



calls. To overcome this, we first give an algorithm which works only for the the uniform
shift s = (0,...,0). We have seen that in the divide-and-conquer approach, the shift is
modified during the computation: we show how to rely on a fast change of shift to ensure
that all recursive calls are with the uniform shift. Using the linear algebra point of view
at the base case of the recursion, this achieves the cost bound O™ (m“~'D).

Now, without requiring assumptions on the shift, the s-Popov basis has small average
column degrees. In particular, using normalization at each step of the above-mentioned
iterative algorithm, it uses only O(mD?) operations [BLO0] (see Section 6.4 for the cost
analysis). However, the shifted Popov form does not behave well with respect to multi-
plication, breaking the divide-and-conquer scheme of [BLI4].

Here, we adapt this recursion so as to compute the shifted Popov basis in O™ (m*~1 D),
for an arbitrary shift. Instead of multiplying the bases obtained recursively, we only use
them to deduce the degree shape of the sought basis. Once this degree information is
found, we manage to reduce the problem to a shift which has small entries, and thus can
be handled by our first algorithm.

Improvement: systems of linear modular equations (known roots)

Previous fastest [BLOO] O(mD?) shifted Popov basis
Here (Theorem 2.19) O(m“~'M(D) log(D)?) minimal basis, small shift
Here (Theorem 2.20) O(m“~'M(D)log(D)?) shifted Popov basis

Combining this new approach to compute the s-Popov basis with techniques developed
for approximant bases, we also obtain improvements upon previous work when all moduli
are powers of X. Compared to [GJV03, Sto06, ZL.12|, at the cost of one logarithm factor,
our algorithm computes the canonical s-Popov basis, supports arbitrary shifts, and covers
a more general case since the moduli are not required to be the same power X /™.

Improvement: approximant bases
[GIVO03] O(m“M(D/n)log(D)) s-minimal, m; = X /"
[Sto06, Z112] O(m*M(D/m)log(D)) s-minimal, m; = XP/" small shifts
Here (Theorem 2.17)  O(m“M(D/m)log(D)?) s-Popov, m; = X", D =% _._ D;

* Kk %
Systems of linear modular equations with arbitrary moduli

Now, we consider the system of Eq. (2) for moduli in K[X] that are given to us by their
coefficients; we do not know their roots, which may not be over K in general. This makes
a difference regarding the available algorithmic techniques: in this context, the bottom-up
approach of [VBB92, BL94, BL00] does not work as such. A simple illustration is for a
single modular equation: it is unclear how to define subproblems with half the dimension
without having access to factors of the modulus.

9
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In the top-down approach, on the other hand, we do not need to know the roots: the
equations and moduli give a basis of a module,

| [fijli
A= 0 diag(my,...,m,)

I

the sought basis of solutions can be found by computing the shifted Popov form of A for
a well-chosen shift. Yet, the efficiency of the latter computation is not satisfactory with
currently known algorithms.

A faster solution is to compute a left kernel for the right part of A via the algorithm of
|[ZLS12|, based on approximant bases. Still, this becomes less efficient when the shift has
large entries or the moduli have non-uniform degrees, and the output basis is not canonical.

One obstacle in both these approaches is that the quotients (p1fi; + -« + Pmfmi) /M
are also computed, for all n equations and all m solutions in the basis. In general, even
the number of field elements used to represent these nm quotients may be beyond our
target cost bound, especially when n is large with respect to m.

In the next table, we assume n € O(m); we write D; = deg(m;) and D = Dy+---+D,,.

Improvement: systems of linear modular equations (arbitrary moduli)

Via reduction [GSSV12] O (m“D) minimal basis, small shift
Via kernel |ZLS12| O~ (m* max;(D;)) minimal basis, small shift
Via kernel |ZLS12| O (m“[D/m]) min. basis, shift 0, D; = D/n
Here (Theorem 2.22) O (m*~1D) shifted Popov basis
Here (Theorem 2.25) O(m“~IM(D)log(D)) a degree-constrained solution

To a small extent, the bottom-up approach can still be used: it suggests a divide-and-
conquer approach on the number of equations. At the base case, we thus consider a single
equation (n = 1) with a modulus of degree D.

Efficient solutions are provided by the linear algebra approach when D € O(m), and
by approximant basis computations when the amplitude max(s) — min(s) of s € Z™ is
in O(D). When this amplitude is large, the shift partially indicates a block-triangular
shape of the output basis; this has already been exploited in the context of approximant
bases [ZL.12, Sec. 6]. We split s into two parts of half its amplitude, so as to reveal this
shape precisely via recursive calls. At the base case of this recursion, shifts have small
amplitude and the equation can be solved by approximant bases computation.

To combine the results from recursive calls and obtain the Popov basis for any shift, we
manage to exploit our strategy based on finding and using degree information. However,
once degrees are known we make use of kernel bases and face the same obstacle as above,
leading us to assume n € O(m). This assumption also allows us to compute the residual
efficiently via polynomial matrix multiplication.

We also provide another algorithm, which relies on the fast structured linear system
solver of [BJMS16], with the system being either quasi-Toeplitz or mosaic-Hankel. While
this algorithm is faster by some logarithmic factors, we note that it is probabilistic and
only returns one solution (py,...,p,) which satisfies prescribed degree constraints.

10



Concerning the assumption n € O(m), as of today it is unclear to us whether and how
the cost bound O"(m“~' D) can be achieved for an arbitrary number n of equations.

* k%
Multivariate interpolation and list-decoding algorithms

Our results concerning systems of linear modular equations directly apply to problems
of multivariate interpolation with multiplicities. Here, we focus on those encountered in
list-decoding algorithms; for more general results, we refer to Section 3.1.

The list- and soft-decoding algorithms for Reed-Solomon codes in [GS99, KV03a| rely
on finding a bivariate interpolant, as follows. Given some points {(z1,41),. .., (Z,,¥,)} in
K? and integers i1, ..., t, in Zsg, we look for a nonzero Q € K[X,Y] whose degree in Y
is less than m and which satisfies

Q(z;,y;) = 0 with multiplicity p; for 1 <7<, (3)

as well as some weighted degree constraint. Here, vanishing with multiplicity means that
the shifted polynomial Q(X + z;,Y + ;) has no monomial of total degree less than p;.

The Y-degree constraint leads to identifying () with the vector (p1,...,pm) € K[X]|™
such that @ = >~._ pj+1(X)Y7. Besides, Eq. (3) can be rewritten as a system of linear
modular equations [ZGA11, Zeh13|, with moduli that have known roots among z1, ..., z,
and known multiplicities related to py, . . ., f1,; the sum of their degrees is D = p3+- - -+pu2.

Following the above discussions, a solution ) may be found in O°(m“~!D) by com-
puting a shifted minimal basis of the set of (p1, ..., py) such that Eq. (3), where the shift
is chosen according to the weighted degree constraint and happens to have small entries.
In many cases, the dimensions of the system satisfy n € O(m) and @ can also be found
slightly faster by solving a structured linear system over K; however this may not be the
case if there are many repetitions in x4, ..., z,, like in soft-decoding.

Improvement: Reed-Solomon list-decoding (p = g = - -+ = p,, distinct z;’s)

[Ber1l, CH11, CH15] O(m“M(uv)log(v)) deterministic, via row reduction
Here (Corollary 3.1)  O(m*~'M(p?v)log(v)) probabilistic, structured system

Here (Corollary 3.2)  O(m“~'M(p?v)log(r)?) deterministic, via interpolant basis

A similar problem involving more variables arises in the list-decoding of folded Reed-
Solomon codes [GRO08]. In this context, @ € K[X,Y,...,Y,] can be represented by a

vector in K[X]™, where m = (r:f/\) and A is known as the [list-size parameter. We have
py = --- =y, = i, and we obtain a system of linear modular equations with D = (:i’l‘)l/

Improvement: folded Reed-Solomon list-decoding

[CH12] O(m“M(uv)log(v)) deterministic, via row reduction
Here (Corollary 3.1)  O(m“~'M(D)log(v)) probabilistic, structured system
Here (Corollary 3.2)  O(m“~'M(D)log(v)?) deterministic, shifted Popov basis

11
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Here, the x;’s are distinct, ensuring that the structured system approach is efficient.
However, for a deterministic solution, unlike above, the shift does not have small entries;
therefore we rely on our algorithm for computing a Popov basis for an arbitrary shift.

* k%
Normal forms of polynomial matrices

We consider the computation of the canonical basis of a submodule of K[X|™ of rank m.
This module is specified by any of its bases, forming the rows of an m x m nonsingular
polynomial matrix A; for a given shift s, we want to compute the s-Popov form of A.

Following ideas in [GS11], this problem reduces to that of finding the s-Popov basis of
solutions to a system of linear modular equations. In short, the Smith form of A and a
corresponding unimodular multiplier give us the moduli and the equations, respectively.
Using algorithms in [Sto03, Gupl1]| to compute these, and our algorithm for solving the
system, we obtain the s-Popov form of A in O7(m“d) operations, where d is the largest
degree of the entries of A. Note that the Smith form algorithm of [Sto03] is probabilistic.

We also design an algorithm which relies on deterministic row reduction [GSSV12] to
compute the s-Popov form of A in O7(m“d) operations if we have a priori knowledge of its
column degrees. For shifts such that this canonical form is the Hermite form of A, there
is a deterministic algorithm which computes these column degrees efficiently [Zho12]. In
this case, we thus have the same cost bound with a deterministic algorithm.

Finally, we show how partial linearization techniques from [GSSV12| can be used to
reduce the non-uniformity of the degrees in A. With only a minor increase of m, deg(A)
is decreased to being at most [D/m]|. Here, D is some bound on deg(det(A)) such that
D/m is in particular bounded from above by the average row and column degrees of A.
Thus, the resulting cost bound O™ (m*[D/m]) is in some cases much better than O™ (m“d).

Improvement: Shifted Popov and Hermite forms of a matrix (x = probabilistic)

[GJVO03| O™ (m¥“d) reduced form, small shifts (%)
[GSSV12] O~ (m~“d) reduced form, small shifts
[GS11, Gupll1] O~ (m*d) Hermite form (%)
Here (Theorem 3.9) O (m“[D/m]) Hermite form
Here (Theorem 3.7) O (m“[D/m]) shifted Popov form (x)
* x %
Outline

We now describe the organization of the document, which consists of five parts. The first
part introduces our main problems and presents for each of them an overview of our results
and a comparison with previous work. Our motivation is that gathering the problems and
an overview of contributions in a single part should both simplify the reading and put
more emphasis on the strong connections between the problems that are studied. After
that, in the next four parts, we give the details of our algorithms: for the multivariate
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case, then for systems of linear modular equations with arbitrary moduli, then for the case
of known roots, and finally for the computation of normal forms of polynomial matrices.

In the first part, Chapter 1 presents some background on canonical generating sets for
K[X]-submodules of K[X]: reduced Grobner bases in the multivariate case, and shifted
Popov bases in the univariate case; we show that in the latter case these notions are
equivalent. Furthermore, we emphasize some key ingredients in our algorithms for systems
of modular equations. Precisely, we discuss how the shift affects the degree profiles of the
computed bases, and we describe our general strategy which consists in recursively finding
information on the degrees and then using it to efficiently compute the basis.

In the second chapter, we focus on the main problem in this document: computing
reduced Grobner bases of modules of relations with known multiplication matrices. We
consider the general problem as well as the above-mentioned particular cases of approx-
imant bases and of systems of linear modular equations over K[X], with and without
the knowledge of the roots of the moduli. In each situation, we give an overview of our
algorithms and we compare our results to previous work.

Finally, in a third chapter, we present consequences of these results. We detail how
systems of linear modular equations can be used both to solve problems of multivari-
ate interpolation with multiplicities which arise in decoding algorithms, and to compute
shifted Popov forms of polynomial matrices.

Now, we list publications and unpublished reports corresponding to the material in
the parts that contain the technical details.

In the second part, Chapter 4 extends the results in [JNSV17, Sec. 7| to the multi-
variate case, while Chapter 5 is new.

In the third part, the material in Sections 6.2 and 6.3 is from [JNSV16] and [Neil6],
respectively, while Section 6.4 presents an algorithm from [BLO00|. Chapter 7 is essentially
a specialization of the ideas [JNSV16] to the case of approximant bases, taking advantage
of the partial linearization techniques from [Sto06] that are available in this context.
Chapter 8 is an extended version of [Neil6, Sec. 2]. Chapters 9 and 10 respectively come
from [CJN*15] and unpublished notes for the Lattice and crypto meeting (ENS de Lyon,
March 3, 2016).

In the fourth part, Chapter 11 comes from [CIJNT15|, while Chapters 12 to 14 gather
the results in [JNSV17, JNSV16].

In the last part, Chapter 15 is an extended version of [Neil6, Sec. 3], and the results in
Chapter 16 were obtained in collaboration with George Labahn and Wei Zhou [LNZ16].
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1

(Generating sets of modules over
polynomial rings

In this chapter, we present properties about generating sets for modules over polynomial
rings, with a view towards algorithms. Informally, a module can be thought of as a vector
space where the base ring is not a field; the reader may refer to [DF04, Chapters 10
and 12| for more details. In this document, we will be interested in computing canonical
generating sets that have good properties: Popov bases in the univariate case and reduced
Grébner bases in the multivariate case.

We start with modules over the univariate polynomial ring K[X], and more precisely,
submodules of K[X]™ for some m € Z~(. The fact that K[X] is a principal ideal domain
yields good structural properties for these submodules; in particular, they always have a
basis, that is, a finite set of generating elements which are K[X]-linearly independent.

In many situations one wants to compute such bases that have some type of minimal
degree, for some degree measure to be specified. Working over K[X], this measure is given
through a tuple of integers called shift, and the minimality is embodied by the notions
of shifted reduced bases and shifted Popov bases, encompassing the Popov and Hermite
forms. We will present these forms and their basic properties.

Then, we present ingredients that are at the core of the efficiency of our algorithms
for computing shifted Popov bases. An important aspect in the design and cost analysis
of these algorithms is the distribution of the degrees of the elements in these bases, which
may be difficult to control in the case of arbitrary shifts. We provide a detailed discussion
of some bounds on these degrees.

We also highlight the important role played by the minimal degree of shifted Popov
bases in our algorithms. We explain how knowing this minimal degree allows us to circum-
vent the difficulties of controlling the degrees for arbitrary shifts, and we show a general
divide-and-conquer approach to find the minimal degree for the kind of problems we will
be studying.

After that, we consider the case of a multivariate ring K[X| = K[X}, ..., X,], with
ideals in K[X] and more generally submodules of K[X|™. Having r > 2 brings a major
difference with the univariate case: most ideals and modules do not have a basis, that
is, a set of generating and K[X]-linearly independent elements. Yet, ideals and modules
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Chapter 1. Generating sets of modules over polynomial rings

always have a finite generating set.

Specific such generating sets with useful properties are Grébner bases', which depend
on the choice of an ordering of the monomials. For a module and some monomial order,
a canonical form is given by the notion of reduced Grobner basis.

We will introduce Groébner bases and their basic properties, as well as the notion of
multiplication matriz which is a central computational tool in this document. We also
show that, in the univariate case, any monomial order can be defined by some shift, and
reduced Grobner bases coincide with Popov bases.

1.1 Popov bases of modules over univariate polynomial
rings

Here, we focus on the situation where the polynomial ring is univariate. We first recall
some nice properties of this case, which naturally lead us to represent bases of modules as
univariate polynomial matrices. We also give some examples linked with questions at the
core of this thesis. Then, we study degree minimality aspects for bases of these modules,
the measure of their elements being given by the shifted degree.

In this context, bases that have minimal degree with respect to a given shift are said
to be in shifted reduced form. For a given module and a given shift, among its bases in
shifted reduced forms, there is a canonical one which is called the shifted Popov form; for
a specific shift, this form coincides with the Hermate form.

1.1.1 Bases and polynomial matrices

As a preliminary paragraph, we recall some definitions about free modules. For a polyno-
mial ring R = K[X, ..., X,] with one or several variables, a free R-module is a module
that has a basis, that is, a generating set which consists of R-linearly independent ele-
ments. Then, the rank of this R-module is the cardinality of this basis; this is well-defined,
since any other basis of this module has the same cardinality [Eis95, Corollary 4.4|. Be-
sides, for such rings R, the rank of an R-module coincides with the maximum number of
R-linearly independent elements in this module [DF04, Section 12.1, Proposition 3|.

Let us now focus on the univariate case. In what follows, we consider bases of K[X]-
submodules of K[X]™, for some given m € Z~o. The fact that K[X] is a principal ideal
domain implies many useful properties that we summarize in this section. More details
can be found for example in [DF04, Sections 10.3 and 12.1]. A central result is the
following [DF04, Section 12.1, Theorem 4.

Lemma 1.1. Let M be a K[X]-submodule of K| X|™. Then,
(i) M is free of rank at most m,

(i) any K[X]-submodule of M is also free and of rank at most the rank of M.

LGrébner bases are generating sets that are in most cases not linearly independent with respect to the
polynomial ring: they are not bases regarding module theory.
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1.1. Popov bases of modules over univariate polynomial rings

Let M be a K[X]-submodule of K[X]™. Then M is free of rank p < m, so that any
basis of M can be represented by a p x m matrix over the univariate polynomials, whose
rows are the elements of the basis. We denote by K[X]**™ the set of such matrices, which
are called polynomial matrices. Hereafter, we see the elements of M as row vectors in
K[X]"™™ and we identify a basis of M with the corresponding polynomial matrix. Then,
for any basis A € K[X]**™ of M, we have M = {AA, X € K[X]|"*?} = K[X]"*?A. The
latter set is also called the row space of A.

Example 1.2 (Unimodular matrices). The identity matrix I,,, € K[X|™*™ is a basis of the
module K[X]™. Besides, any unit lower triangular matrix

T=|. ) e K{xjm=m
* -0 ox 1

is also a basis of K[X]™. This can be verified by considering p = [py,. .., pn] € K[X]*™
and solving a K[X]-linear system to determine coefficients A = [A1,..., \,,,] such that
AT = [p1,...,pn), noticing that the resulting A has entries in K[X] due to the special
shape of T.

More generally, the bases of K[X]™ form the set of unimodular matrices, defined as
follows. A square matrix U € K[X]™*™ is said to be unimodular if U is nonsingular and
its inverse U~! has entries in K[X] or, equivalently, if its determinant det(U) is a nonzero
element of the field K. #

For any submodule M C K[X]|™, two bases of M are related through a unimodular
transformation. Indeed, let A and B be two bases of M. Then since A is a basis, each row
of B is in the row space of A, so there exists a matrix V € K[X]?*# such that B = VA;
similarly, since B is a basis, there exists W € K[X]?*” such that A = WB. Thus we have
B = VWB, hence (I, - VW)B = 0. Since the rows of B are K[X|-linearly independent
by definition, we obtain VW =1,. Thus V and W are unimodular and inverses of each
other. We say that A and B are left-unimodularly equivalent.

Remark 1.3. In some contexts, or depending on the preferences of the authors, one rather
asks that the basis forms the columns of an m x p matrix. Then, we have similar notions
of column space, and right-unimodular equivalence. Furthermore, polynomial matrices
are sometimes called matrix polynomials, seeing these objects as polynomials with matrix

W

coefficients (while polynomial matrix suggests a matrix with polynomial entries). -

We now give examples of K[X]-submodule of K[X]|™. As mentioned above, one is often
interested in computing one of its bases that has some kind of minimality: we present the
related notion of reduced basis in Section 1.1.2.

Ezample 1.4 (Constrained bivariate interpolation). Let us consider {(z;,y;) € K?,1 <
J < D} a set of pairwise distinct points in K2, and fix a Y-degree bound m € Z~,. Then

{Q € K[X,Y] | degy (Q) < m and Q(z;,y;) =0 for all 1 < j < D}

is a free K[X]-module, since it can be seen as a submodule of K[X|™ by identifying any
polynomial @) of Y-degree less than m with its Y-coefficients Qo,...,Q,_1 such that
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Chapter 1. Generating sets of modules over polynomial rings

Q=20 i<m Q;Y7. Besides, it contains the module MK[X]™ for any nonzero polynomial
M € K[X] such that M(z;) = 0 for all j; since the rank of MK[X]|™ is m, the rank of

the module above is m as well, according to Lemma 1.1. #

Example 1.5 (Hermite-Padé approximation). Let F € K[X]™*! be a polynomial vector,
and let D be a positive integer. Then

{p € K[X]"*™ | pF =0mod X"}

is a free K[X]-module of rank m. Indeed, this set is included in K[X]**™ and contains
XPK[X]™™ which are both of rank m. #y

kxm

Example 1.6 (Row space of a matrix). Consider a polynomial matrix A € K[X]
Then the row space of A, which is the set K[X]"**A| is a free K[X]-module of rank
p < min(k, m). This number p is also called the rank of the matrix A. If p = min(k, m),
then A is said to have full rank; if furthermore & = m (that is, A is a square matrix),
then A is said to be nonsingular. Notice that A is nonsingular if and only if det(A) is a
nonzero polynomial. #

Ezxample 1.7 (Kernel of a matrix). Let F € K[X]™*" be a polynomial matrix. Then the
kernel of F is the set
{p € K[X]"™ | pF = 0}.

It is a free K[X]-module of rank m — p, where p is the rank of F. #y

In the case of modules of rank m, the next result is often helpful to prove that some
given elements generate the module.

Lemma 1.8. Let M be a K[X|-submodule of K[X]™ of rank m and let A € K[X]™*™ be
a basis of M. Then, for any nonsingular matrizx B € K[X|"™*™ whose rows are in M,
we have deg(det(B)) > deg(det(A)); if furthermore deg(det(B)) = deg(det(A)) then B

18 also a basis of M.

Proof. Since the rows of B are in M, there is U € K[X|"™*" such that B = UA. Having
A and B nonsingular implies that U is nonsingular too, and taking the determinant yields
deg(det(B)) = deg(det(U)) + deg(det(A)) > deg(det(A)). Now, in the case of equality,
this implies that deg(det(U)) = 0, and therefore U is unimodular. »

1.1.2 Row degrees and shifted reduced forms

One is often interested in computing bases whose elements have small degrees. For ex-
ample, when the module is described by a set of equations as in the examples of bivariate
interpolation and Hermite-Padé approximation above, it is usually asked to compute one
element of the module which satisfies some degree constraints. With currently known
algorithms, the fastest way to obtain such an element is to compute a whole basis of the
module which has some type of minimal degrees, and contains in particular a small degree
element. Such a basis is said to be in reduced form; we give precise definitions below.

There is also another important reason for requiring that the computed bases have
small degrees: as a matter of efficiency of the algorithms, setting more constraints on the
output also allows us to better control the size of the objects that we manipulate during
the computation. We will come back to this point in Sections 1.1.3 and 1.2.2.
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1.1. Popov bases of modules over univariate polynomial rings

Shifted degrees and degree constraints. We now explain how we measure the degree
of elements of K[X]"*™ which we call (polynomial) row vectors. In the simplest case,
we use a straightforward extension of the degree of univariate polynomials: the degree of
p = [pj]; € K[X]"*™ is rdeg(p) = maxi<j<m deg(p;). Here, we follow the convention that
the degree of a zero polynomial is deg(0) = —oo, and we extend it to row vectors. The
degree of a column vector p € K[X]™*! is defined similarly and denoted by cdeg(p).
More generally, we will measure the degree by considering shifted degrees. Hereafter,
a shift is a tuple of integers s = (s1,...,S,) € Z™ which specifies degree weights on the

1xm

entries of row vectors. Then, the s-degree of p = [p;]; € K[X] is

rdegy(p) = max (deg(p;) + s).
SIS

For example, the degree of p as defined in the previous paragraph is its 0-degree for the
uniform shift 0 = (0,...,0).

Remark 1.9. We allow s to have negative entries, and therefore the s-degree of a nonzero
row vector may be negative. One reason behind this choice lies in the following remark.
In many situations, one wants to find some element p = [p;|; in a given module with
prescribed degree constraints. Namely, some positive integers (IN;); are given, and one
requires that deg(p,;) < N, for all j. Then, we can directly relate this to shifted row degrees
by noticing that this is equivalent to requiring that rdeg_n(p) < 0, where N = (V;);. s

Up to a change of sign, this notion of s-degree is equivalent to the one introduced
in [BLV06| for matrix normal forms, and also to the notion of defect from |[BL94, Def-
inition 3.1] commonly used in the rational approximation literature. The usefulness of
shifted degrees can be seen from their applications. First, they allow us to take degree
constraints into account in many problems studied in this thesis, such as Hermite-Padé
and M-Padé approximations [VBB92, Bec92, BL94| (see also Sections 2.3 and 2.4.1), and
the interpolation step of the list-decoding and soft-decoding algorithms for Reed-Solomon
codes |GS99, KV03a] (see also Sections 3.1.2 and 3.1.4). Second, they also play a cen-
tral role in the design of fast algorithms for polynomial matrices, such as for computing
minimal kernel bases [ZLS12| or for matrix inversion [ZLS15].

This notion of shifted degree can then be naturally extended to polynomial matrices:
for A € K[X]"™ its row degree is the tuple rdeg(A) = (di, ..., dx) € Z,, where for all 4,
d; is the row degree of the row i of A. In what follows, we use the notations A;, and A, ;
to refer to the row ¢ and column j of a matrix A, respectively. Then, the s-row degree of A
is rdegg(A) = (di, ..., dy), with d; = rdegg(A,; ) for all 7; and the notion of shifted column
degree cdeg,(A) for t € ZF is defined similarly. Besides, we write deg(A) for the degree of
A which is the largest degree of its entries: deg(A) = max(rdeg(A)) = max(cdeg(A)).

When dealing with shifts, one can often think in terms of the case of the uniform shift
by means of the shift matriz X®. For a shift s = (s1,...s,,) € Z™, we denote by X® the
m x m diagonal matrix with diagonal entries X*' ... X*». Then, if s has nonnegative
entries, the s-row degree of A is rdeg,(A) = rdeg(AX?®). In fact, in some cases it will be
convenient to allow negative powers of X to simplify the presentation. For example, we
define the s-leading matriz of A € K[X]**™ as the matrix Img(A) € K™ whose entries
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Chapter 1. Generating sets of modules over polynomial rings

are the coefficients of degree zero of X d&s(A) AXS  Notice that the latter matrix has
only coefficients of nonpositive degree.

Shifted reduced forms. Now, for a K[X]-submodule M of K[X]™, we are interested
in bases of M that have a specific form: as already stated, our main motivation is to
consider bases that have some type of minimal shifted row degree. We give the following
definition, which focuses on this minimality, and we then state some properties that are
equivalent to this definition. For early presentations of the notion of reduced form, the
reader may refer to [Wol74, Section 2.5|, [Kai80, Section 6.3]; more details about shifted
reduced forms can be found in [VBB92, BLV99| and [Zho12, Chapter 2].

Definition 1.10 (Reduced form). Let p < m and let R € K[X]?*™ have full rank. Then
R is said to be row reduced if rdeg(R) < rdeg(UR) for all unimodular matrices U €
K[X]P*?. More generally, for a shifts € Z™, R is said to be s-row reduced if rdeg (R) <
rdeg,(UR) for all unimodular matrices U € K[X|°*?. In both these inequalities, the tuples
are first sorted in non-decreasing order and then compared lexicographically.

In particular, this notion is invariant under permutation of the rows of the matrix, and
all bases of a module that are in s-reduced form must have the same s-row degree up to
permutation. The notion of column reducedness is defined similarly; since in what follows
we will mostly encounter row reduced forms, unless the context makes it ambiguous we
will simply write reduced for row reduced.

Besides, adding a constant ¢ € Z to each entry of s does not change the property of
s-reducedness. Indeed, writing s+ ¢ for this operation of adding a constant to a tuple, we
have rdeg, .(A) = rdegg(A) + c for any matrix A. In particular, one may always think
in terms of a shift with nonnegative entries by considering s — min(s) instead of s. For a
shift s with nonnegative entries, R is s-reduced if and only if RX*® is reduced.

Definition 1.10 essentially tells us that the elements of a basis in shifted reduced
form have minimal degrees, in terms of the row degree defined above. There are several
equivalent definitions, which we list now, and which will be helpful for designing algorithms
and writing proofs. In what follows, for any tuple of integers s € Z™, we denote by |s|
the sum of the entries of s.

Theorem 1.11. Let p < m, let R € K[X]?*™ have full rank, and let s € Z™. The
following assertions are equivalent.

(i) R is s-reduced.

(it) For all row vectors X = [A1 1 Xz] € K[X]"* with the entry 1 at index i, we have
rdeg,(AR) > rdeg (R ).

(iii) The s-leading matriz Img(R) has full rank.
(iv) Predictable degree property: for all X = [X\;]; € K[X]**, we have
rdeg(AR) = max{deg(\;) + rdegs(R;.), 1 <i < p} = rdegq(A),

where d = rdeg(R).
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1.1. Popov bases of modules over univariate polynomial rings

(v) (Only in the square case, p =m.) We have |rdeg,(R)| = deg(det(R)) + |s|.

Proof. In this proof, we write d; = rdeg (R, ) for all 7, that is, d = (dy,...,d,). Then
Img(R) is formed by the coefficients of degree 0 of the matrix X "9 RX?®, whose coefficients
are all of nonpositive degree.

—(ii) = —(i). Suppose that there is a row = [A; 1 Az] € K[X]"” with 1 at index
i and such that rdeg (AR) < d;. Considering the unimodular transformation

L., 0 O
U= X 1 X | eKx], (1.1)
0 01,

we have that rdeg,(UR) and rdeg,(R) are identical except for their ith entries, which are
rdeg (AR) and d;, respectively. Thus, our assumption that rdeg,(AR) < d; implies that
R is not s-reduced.

—(1ii) = —(i7). Suppose that Img(R) does not have full rank. Therefore, there exists
a nontrivial linear combination of the rows of Img(R) which is zero, that is, ulms(R) =0
for some nonzero p = [p;]; € K'*?. Let ¢ be an index such that d; is maximal with u; # 0.
Then, we consider XA = u; ' uX%~4 € K[X]**: by choice of i, this row vector is over the
polynomials (we recall that d; — d stands for the tuple —d with the constant d; added to
every entry). We remark that A has coefficient 1 at index 7, and furthermore, we have
rdeg,(AR) = rdeg(ARX®) < d; = rdeg,(R;.,). Indeed, ARX® = p; ' X% uX~"4RX®, and
the polynomial row vector uX 9RX® has only coefficients of (strictly) negative degree
since its coeflicient of degree 0 is pulmg(R) = 0.

(7i1) = (iv). Assume that Img(R) has full rank. We always have (iv) for A = 0, so
we consider the case A # 0. Let t = rdegg(X). We have rdeg (AR) < ¢, and our goal is
to prove that actually the equality holds. This follows from the fact that the coefficient
of degree 0 of the row vector X TARX® = X TAXIX9RX" is lmg(A)lmg(R), which is
nonzero since A is nonzero and Img(R) has full row rank.

(i) = —(iv). Suppose that (i) does not hold: there exists U € K[X]?*# unimodular
such that d’ = rdeg,(UR) does not satisfy d < d’ (where the tuples are first sorted and
then compared lexicographically). Up to row permutations, we can assume without loss
of generality that d = (dy,...,d,) and d’ = (d}, ..., d},) are in non-decreasing order. Then
there exists i € {1,...,p} such that d; < d; and d; = d; for all j < i. Therefore, writing

U= {U” U”} with Uy € K[X]*0~D and U,y € K[X]P-Dx(p=i+D)
Uz Uy

all rows in [UH U12] R have s-degree less than d;, and thus less than all of d;,...,d,.

On the other hand, since U is nonsingular, we have that Uy, is nonzero. Let us denote by

(7, k) the index of a nonzero entry of U located in Uyy. Then, considering the row vector

A = Uj. = [Mi<i<p, we obtain that dj = rdegs(AR) < dj, < deg(Ax) + rdegg(Ri«).

(i7i) < (v). By definition of the determinant, deg(det(R)) + |s| = deg(det(RX?®)) <
lrdegy(RX®)| = |rdegs(R)|. This inequality may be strict if some cancellations of high-
degree terms in R occur: this is precisely what is forbidden by the fact that Img(R) =
Img(RX®) has full rank. In fact, the coefficient of det(RX®) of degree |rdeg,(R)]| is
precisely det(lmg(R)), hence the equivalence. »
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Chapter 1. Generating sets of modules over polynomial rings

The item (i77) in the above theorem is often chosen as a definition of row reducedness,
as in [VBB92, BLV99, GJVO03]; the item (v) is used as a definition in [Kai80, Section
6.3.2]. The predictable degree property in item (iv), which was stated in [For75| (see also
[Kai80, Theorem 6.3-13]), is quite useful when one has to study the degrees in expressions
which involve shifted reduced matrices. A direct consequence is the following. Let M be
a submodule of K[X]™, and let R be a basis of M in s-reduced form for some s € Z.
Then, any p € M has s-degree at least min(rdeg,(R)).

In other words, an element of M of minimal s-degree can be found as a row of R of
minimal s-degree. In particular, when a problem asks to compute p = [p;]; € M with
the degree constraints deg(p;) < N; for all j, such a p can be found among the rows of a
basis of M in —N-reduced form, where N = (NN;), (unless the problem has no solution).

Ezxample 1.12. Let us consider the finite field K = Z/77Z with 7 elements, and choose
D = 4 points {(x;,y;), 1 <4 < 4} in K? with (2;); = (2,1,4,6) and (y;); = (6,2,1,6).

We will give shifted reduced bases for the K[X]-module M of bivariate polynomials
Q € K[X,Y] such that degy (Q) < m =2 and Q(z;,y;) =0 for 1 < i < 4. Then, identify-
ing a polynomial of the form Qo (X )+Q1(X)Y with the polynomial vector [Qo(X) Q1(X)],
we see M as a K[X]-submodule of K[X]?; its rank is m = 2.

Defining the polynomials M = (X —2)(X —1)(X —4)(X —6) = X*+ X*+6X +6
and the interpolant L = 5X3 + 6X? + 5 such that L(z;) = y; for 1 <14 < 4, the matrix

p_|M O] _[X'+X°+6X+6 0
=L 1| 2X3 4+ X242 1

is a basis of M. This follows from the remark that a bivariate polynomial () is such that
Q(zi,y;) =0 for 1 < i < 4 if and only if @ belongs to the ideal (M,Y — L).
The shifted leading matrices of P for the shift s = (0, 3) and the uniform shift are

1 0 1 0
Im g3 (P) = {2 1] and lmg(P) = [2 0};

therefore P is a (0, 3)-reduced basis of M, but is not 0-reduced.
Furthermore, the matrix

A_ [l 3X+5 ), _[X245X+2  3X 45
T X 3X245X 41| T [6X24+2X 42 3X245X +1

is left-unimodularly equivalent to P and has a full rank 0-leading matrix: A is a 0-reduced
basis of M. #

Existence and computation. Most importantly, for a given K[X]-submodule M of
K[X]|™ and a given shift s € Z™, it is known that M admits a basis in s-reduced form.
In fact, if A € K[X]**™ is a generating set for M for some integer k, then there are
algorithms to compute from A an s-reduced basis R of M.

Such an algorithm is presented in [Wol74, Theorem 2.5.7|; it iteratively performs
elementary operations on A with unimodular transformations of the form of U in Eq. (1.1),
making at each step some progress towards obtaining a s-reduced form. Although in the
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1.1. Popov bases of modules over univariate polynomial rings

latter reference the algorithm is presented for the uniform shift s = 0, adapting it to work
with an arbitrary shift s is straightforward. This reduction is done in time polynomial in
m, k, and deg(A).

Fast algorithms for the computation of a shifted reduced basis of M from a known
generating set are presented with more details in Section 3.2, where we also discuss the
problem of computing a canonical reduced form called the shifted Popov form.

1.1.3 Pivots and shifted Popov forms

A particular kind of shifted reduced form is the shifted Popov form, which includes the
Popov form [Pop72, Kai80| and the Hermite form [Her51] for specific shifts. In this
section, we define these forms and give their basic properties. There are two main reasons
that motivate us to study them. First, the shifted Popov form is a normal form: it is
uniquely defined in terms of the module and the shift. Second, shifted Popov forms have
a degree structure which allows us to compute them more efficiently than shifted reduced
forms in general; this point will be discussed more in depth in Section 1.2.

A basis is in s-Popov form when it simultaneously satisfies two degree minimality
requirements: roughly, it should both be s-row reduced and have columns of minimal
0-degree. We should stress that these two requirements are not of the same nature, since
both involve unimodular transformations on the rows only.

Pivots. We first present the notion of pivot [Kai80, Section 6.7.2], and specific shifted
reduced forms that are more restrictive than shifted reduced forms but are not yet the
canonical shifted Popov forms.

Definition 1.13 (Pivot). Let p = [p;]; € K[X]'™*™ be nonzero and let s € Z™. The
s-pivot index of p is the largest index j such that rdegy(p) = deg(p,) + s;. Then we call
p; and deg(p;) the s-pivot entry and the s-pivot degree of p.

Adding a constant to the entries of s does not change the notion of s-pivot. Thus, like
for s-reducedness, one may assume min(s) = 0 without loss of generality. In connection
with the notion of pivot, one can define the weak Popov form [MS03b] and the quasi
Popov form [BLV99|, which we call here ordered weak Popov form.

Definition 1.14 ((Ordered) weak Popov form). Let p < m, let P € K[X]?*™ have full
rank, and let s € Z™. Then, P is in s-weak Popov form if the s-pivot indices of its rows
are pairwise distinct. Furthermore, P is in s-ordered weak Popov form if the sequence of
the s-piot indices of its rows is strictly increasing.

In other words, P is in s-ordered weak Popov form if and only if the s-leading matrix
of P is in some type of (non-reduced) row echelon form?. In particular, Img(P) contains an
p X p invertible lower triangular submatrix, and P is therefore s-reduced. Moreover, any
matrix in s-weak Popov form can be transformed into an s-ordered weak Popov form by
a permutation of its rows; thus a matrix in s-weak Popov form is in particular s-reduced.

2Precisely, it is the transpose of a matrix in column echelon form as in [BLV06, Definition 2.2].
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Remark 1.15. Here, quasi Popov forms [BLV99| will rather be called ordered weak Popov
forms to avoid that the reader possibly get the feeling that the difference between them
and Popov forms is minor: this is not the case, computationally speaking. Indeed, going
from a weak Popov form to an ordered one is a straightforward task: one just has to
locate the pivots and to permute the rows of the matrix accordingly; however, going from

i

an ordered weak Popov form to its Popov form is much more involved (see [SS11]). s

Now, we extend the notion of pivots to matrices; while it could be defined in general,
we will only use it for matrices in shifted weak Popov form.

Definition 1.16 (Pivot of a matrix). Let p < m, let s € Z™, and let P € K[X]"*™ be in
s-weak Popov form. Then, the s-pivot index and the s-pivot degree of P are the tuples
of integers (j1,...,J,) and (01,...,0,) where j; is the s-pivot index of P;, and 6; is the
s-pivot degree of P, for 1 <1 < p.

Considering the shift § = (s;,,...,s;,) € Z°, which is a permuted subshift of s, we
have rdeg(P) = § + . The notions of pivot indices and pivot degrees for weak Popov
matrices refine that of row degrees for reduced matrices, by providing us with a stronger
degree minimality property than that used as a definition of shifted reduced forms. This
property, stated in the next lemma and illustrated in Example 1.18, has consequences that
are presented in Section 1.2 and are exploited to obtain efficiency in several algorithms in
this document.

Lemma 1.17. Let p < m, let s € Z", let P € K[X]?*™ be in s-weak Popov form, and
let (ji,---,7,) and (81,...,0,) be the s-pivot index and degree of P. Let p € K[X]'*™
be a nonzero vector in the row space of P. Then, the s-pivot index of p is j; for some
1 <i< p, and p has s-pivot degree at least 6;.

Proof. Up to permuting the rows of P, we assume without loss of generality that P is in s-
ordered weak Popov form, that is, j; < --- < j,. Let d = rdeg (P) = (sj,+01,...,5;,+0,),
and let A € K[X]™™ be such that p = AP. According to the part “(i7i) = (iv)” of the
proof of Theorem 1.11, we have Img(p) = Img(A)lms(P). Let ¢ € {1,..., p} be the index
of the rightmost nonzero entry of Imq(\); in particular, rdeg,(p) = rdegg(X) > s, + ;.
Furthermore, since P is in s-ordered weak Popov form, Img(P) has an echelon shape which
implies that the rightmost nonzero element of lmg(p) is at index j;. Thus p has s-pivot
index j;, and since rdeg(p) > s;, + 0; we obtain that its s-pivot degree is at least J;,. M

Before moving to shifted Popov forms, we illustrate this property, insisting on the
information which is brought to us by the pivots of a weak Popov form and which we do
not have for reduced forms in general.

Example 1.18. Let M be a submodule of K[X]™ of rank 4, and consider the case of the
uniform shift. First suppose that we know a reduced basis A € K[X]*** of M, whose
entries have degrees as follows:

T
A=l 2 2 |
7 [ 7 [
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where [d] denotes an entry of degree d. We note that the pivot entries of A are all located
in its last column.

Then, we can assert that any nonzero vector p in the row space of A, which is M,
must satisfy rdeg(p) > 1 = min(rdeg(A)). However, by only considering the degrees in
A, we do not know if there may be in M a vector q whose degrees are [[8] [6] [4] [5]].

Now suppose that we know a 0-ordered weak Popov basis B of M, which has degrees

5] [4] [4] [4]
g |7 [ [6] [6]
21 21 2] (1]
Ay np ap

The lemma above implies that q € M since the pivot of q has index 2 and degree 6,
which is less than the pivot degree 7 of the second row of B. #

Shifted Popov forms. These are shifted ordered weak Popov forms that are further
normalized through an additional constraint on the degrees in the columns containing the
pivot entries. Formally, we will use the definition from [BLV99, Definition 3.3].

Definition 1.19 (Shifted Popov form). Let p < m, let P € K[X]?*™ have full rank, and
let s € Z™. Then, P is said to be in s-Popov form if the s-pivot indices of its rows are
strictly increasing, the corresponding s-pivot entries are monic, and in each column of P
which contains a pivot the nonpivot entries have degree less than the pivot entry.

Thus, a matrix in s-Popov form is in particular in s-ordered weak Popov form and
s-reduced. For a more detailed treatment of shifted Popov forms, the reader may refer to
[BLV99, BLV06]. Shifted Popov forms are named after Popov, who introduced this form
for the uniform shift in [Pop72] in the context of control theory.

Remark 1.20. The definition of 0-Popov forms in [Kai80, MS03b| slightly differs from the
one above in its choice of the ordering of the rows. Instead of requiring that the s-pivot
indices be increasing as here and in [BLV99, BLV(6|, the definition in [Kai80, MS03b|
requires that rdeg,(P) be non-decreasing, with increasing s-pivot indices for rows that

Ll

have identical s-degree. -

For p < m, a given shift s, and a given matrix A € K[X]**™ with full rank, there
exists a unique matrix P € K[X]?*™ which is in s-Popov form and left-unimodularly
equivalent to A [BLV99, Theorem 3.5|. We call P the s-Popov form of A. In terms of
bases of modules, this means that for a given K[X]-submodule M C K[X]™ of rank p,
there is a unique basis P € K[X]?*™ of M which is in s-Popov form, called the s-Popov
basis of M. In particular, if we are given the descriptions of two modules and we have a
procedure to compute their respective shifted Popov bases, this will directly allow us to
test whether these descriptions actually represent the same module.

The Hermite form, defined by Hermite [Her51] in the context of triangularizing integer
matrices, is a normal form for bases of submodules of K[X]™ that has the particularity
of having a triangular shape. In fact, Hermite forms coincide with shifted Popov forms
for specific shifts that make them triangular, as detailed in [BLV06, Lemma 2.6]. We give
more details about Hermite forms in Section 3.2.
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For example, the matrix P in Example 1.12 is in Hermite form, and it is also in
(0,3)-Popov form. On the other hand, the matrix A in the same example is in 0-ordered
weak Popov form, but not in 0-Popov form since the entry at position (2, 1) has the same
degree as the pivot in position (1,1); A may be transformed into its 0-Popov form by a
constant elementary row operation.

1.2 Designing fast algorithms for shifted Popov bases

In this section, we discuss general ingredients and bounds that we will use in our algo-
rithms for computing shifted Popov bases. Here, we focus on the case of submodules of
K[X]™ of rank m, whose bases are thus square nonsingular polynomial matrices.

We note that most of Section 1.2.1 can be extended to submodules of rank less than
m and to rectangular bases; however, this generality is not needed for our algorithms and
would thus make the presentation unnecessarily technical.

1.2.1 Finding and using the minimal degree

Here, we study the shifted minimal degree of a submodule M C K[X]™ of rank m. After
giving some basic properties, we discuss how it can be used to compute shifted Popov
forms and how it can be found by a divide-and-conquer approach.

Minimal degree. A basis of such a module M is represented by square, nonsingular
matrix P € K[X]™*™. Then, P is in s-ordered weak Popov form if and only if its s-pivot
entries are on the diagonal. In this case, the s-pivot degree § € ZZ, of P is the tuple of the
degrees of its diagonal entries, and we have rdeg,(P) = s+ 8 as well as deg(det(P)) = |4|.
If P is furthermore in s-Popov form, then its s-pivot degree coincides with its column
degree: & = cdeg(P). We have the following straightforward characterizations in terms
of shifted leading matrices.

Lemma 1.21. Let P € K[X]™*™ and s € Z™. Then,

e P is in s-ordered weak Popov form if and only if its s-leading matrix is lower trian-
gular and invertible;

e P is in s-Popov form if and only if its s-leading matriz is unit lower triangular and
the 0-leading matriz of PT is the identity matriz.
Note that the second item was chosen as the definition of shifted Popov forms in

[BLV99, Definition 3.3]. We are particularly interested in the following degrees.

Definition 1.22 (Minimal degree). For a K[X]-submodule M C K[X|™ of rank m and
any s € Z™, the s-minimal degree of M s the s-pivot degree of the s-Popov basis of M.

Let us denote by § = (d1,...,0,,) the s-minimal degree of M. Then, the determinant
of any basis of M has degree |d| = §;+- - - +0,,. Besides, according to Lemma 1.17, § also

30



1.2. Designing fast algorithms for shifted Popov bases

gives useful information concerning the degrees of elements of M: if a nonzero p € M
has s-pivot index j € {1,...,m}, then the s-pivot degree of p must be at least ¢;, or in
other words, we must have rdegg(p) > s; + ;. We now illustrate this notion with an
example, showing in particular that the minimal degree cannot be deduced from the row
degrees of a reduced basis in general.

Fxample 1.23. As in Example 1.18, let us consider a module M which admits a 0-reduced
matrix with degrees

[ 0 A [
A |BF B B[]
2] 2] 2] 2]
(7 17 [ 17

We know that the 0-Popov form of A has the same row degrees as A, up to permutation.
Besides, for the uniform shift the pivot degree of a row vector coincides with its 0-degree;
hence the minimal degree of M is a permutation of (1,5,2,7). Yet, without additional
information, we do not know precisely which permutation it is.

More generally, if we have an s-reduced basis A € K[X|"™*™ of M C K[X]™ for an
arbitrary shift s, then the shifted minimal degree of M will be d — s, where d is some
permutation of rdeg,(A) which is unknown a priori. #

The next lemma states that any row vector p € K[X]'*™ can be written uniquely as

the sum of an element of M and a remainder r = [ry,...,r,] such that deg(r;) < ¢;
for 1 < 7 < m. In other words, the s-minimal degree gives the structure of the quotient
module K[X]™/M: it is isomorphic to K[X]/(X%) x - - x K[X]/{X?%); that is, it admits
the monomial basis Uicj<n{X%;,0 < d < §;} where ¢; € K[X]™*™ is the coordinate
vector with 1 at index j.

Lemma 1.24 (Division with remainder). Let s € Z™, let P € K[X]™*™ be in s-Popov
form, and let & € Z, be the s-pivot degree of P. Then, for any row vector p € KX,
there exists a unique (q,r) € K[X]™>*™xK[X]™*™ such that p = qP+r and rdeg_g(r) < 0.

For this result, the reader may refer to [Kai80, Theorem 6.3-15|, noting that a matrix
in s-Popov form is in particular 0-column reduced.

By definition, left-unimodularly equivalent s-reduced matrices have the same s-row
degree up to permutation. In the case of shifted weak Popov forms, knowing the pivot
indices leads us to a more precise statement. Namely, the next result states that the s-row
degree is invariant among left-unimodularly equivalent matrices in s-ordered weak Popov
form. This implies that left-unimodularly equivalent matrices in s-ordered weak Popov
form have the same s-pivot degree, which must then be the s-minimal degree & of the
module they generate.

In short, the next lemma shows that d can be read off from any basis of M in s-weak
Popov form; we recall from Example 1.23 that this is not true concerning s-reduced bases.

Lemma 1.25. Lets € Z™ and let P and Q in K[X]|™*™ be two left-unimodularly equiva-
lent matrices in s-ordered weak Popov form. Then P and Q have the same s-row degree.

As a corollary, for any submodule M C K[X]|™ of rank m, if P € K[X]|™*™ is an
s-weak Popov basis of M with s-pivot index (ji,. .., jm) and s-pwot degree (91, ..., 0n),
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and (7, ..., mm) is the permutation of {1,...,m} such that (juy, -, jm,) = (1,2,...,m),
then the s-minimal degree of M is (0zy,...,0x,,).

Proof. Since P and Q are in s-ordered weak Popov form, their respective s-pivot degrees
are rdeg,(P) —s and rdegy(Q) —s. Then, since P, , is in the row space of Q for 1 < i < m,
Lemma 1.17 implies that rdeg,(P) —s < rdeg,(Q) —s. The same argument applied to the
rows of Q leads to the equality rdeg,(P) —s = rdeg,(Q) — s, hence rdeg,(P) = rdeg,(Q).

The corollary follows, since (d,,,...,0,, ) is the s-pivot degree of the matrix P with
rows permuted so as to obtain an s-ordered weak Popov form; and then its s-Popov
form must have the same s-pivot degree since it is in particular in s-ordered weak Popov

form. »

Using the minimal degree. We explain now explicitly how we can use the knowledge
of the shifted minimal degree in the computation of shifted Popov bases. The central
tool is the next lemma, which is an extension of [SS11, Lemmas 15 and 17| to the case
of any shift s. It states that, as soon as the s-minimal degree d of the module is known,
the computation of the s-Popov basis P essentially boils down to the computation of a
—d-reduced basis R. Furthermore, as we will detail in Section 1.2.2, the shift —¢ is among
those for which it is reasonable to hope that R can be computed efficiently.

Lemma 1.26. Lets € Z™ and let P € K[X|™*™ be in s-Popov form with s-pivot degree
0 € ZZ,. Then P is also in —d8-Popov form, and we have rdeg_s(P) = 0. In particular,
for any matriz R € K[X]™™ which is left-unimodularly equivalent to P and —§-reduced,
R has column degree 8, and P =1m_s(R)"'R.

Proof. Since P is in s-Popov form we already have Img(PT) = I,,,, and then according to
Lemma 1.21 it remains to prove that lm_4(P) is unit lower triangular. In fact, considering
PX~? which has only coefficients of negative degree except for those of degree zero which
form the identity matrix, we obtain that rdeg_5(P) = 0 and Im_45(P) = L,,.

Now, let R be a —d-reduced matrix left-unimodularly equivalent to P. Then, we have
rdeg_s(R) = rdeg_s(P) = 0, so that we can write R = Im_(R)X? + Q with the j-th
column of Q of degree less than d;, where d = (d1,...,0,,). In particular, since Im_5(R) is
invertible, this yields cdeg(R) = d. Besides, we obtain Im_5(R) 'R = X% +Ilm_;(R)™'Q,
and the j-th column of Im_s(R)~'Q has degree less than ¢;. Thus Im_s(R)™'R is in —4-
Popov form and unimodularly equivalent to P, hence equal to P. n

Yet, for the knowledge of the s-minimal degree d to be useful in algorithms, one has to
be able to compute it without computing the s-Popov basis itself. Such a nice situation,
which we will focus on in Section 3.2.3 and Chapter 16, is that of the computation of
the Hermite form of M when it is given by some basis A € K[X]|™*™. In this case,
two efficient algorithms have been given to compute the diagonal entries of this Hermite
form [GS11, Zho12|. These entries give in particular the minimal degree §; we note that,
although the polynomials themselves are known, [GS11, Zhol2| only use their degrees §
to complete the computation of the whole Hermite form.

Concerning our main problems, the module is described by equations like in the exam-
ples of Hermite-Padé approximation or bivariate interpolation that we have given above.
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In this context, we show now that the shifted minimal degree behaves well with algo-
rithms based on a divide-and-conquer approach, and thus that it can be found without
computing the full shifted Popov basis.

Finding the minimal degree. Placing ourselves in an abstract setting, suppose that
we have some description of a module M C K[X]™ of rank m and we want to compute
a basis P € K[X]™™ of M. Depending on the context, P should be in shifted reduced
form or in shifted Popov form; we will study both situations.

When the description of M allows it, we split the problem into two subproblems, as
follows. The first subproblem asks to compute a basis P(Y) € K[X]™*™ of a module M)
such that M C M® C K[X]™; remark that these inclusions imply that the rank of M)
is m. Then, we wish to use the knowledge of P to progress towards obtaining a basis
of M. For this, we express the elements of M C M® on the basis P(:

M={peMP|peM}
= {(APW X e KXV [ APY € M} = MPPW),

where M@ = {X € K[X]'**™ | AP € M}. Then, the second subproblem is to compute
a basis P® of M®).

Ezxample 1.27 (Hermite-Padé approximation). Following on from Example 1.5, let F €
K[X]™*! be a vector, let D be an even positive integer, and consider

M = {p e KIX]"™ | pF =0 mod X"},
which is of rank m. Then, one may consider the module
MWD = {p e K[X]"*™ | pF =0 mod XP/?},
which is such that M C M®) C K[X]™. As a first subproblem, we compute a basis P(!)
of MW which is an instance of Hermite-Padé approximation at order D/2. Then, for

any p € K[X]™*™,

peM < peMDY and pF =0mod X
S p= APWY for some A such that APWF = 0 mod X7
& p=APW for some A such that AG = 0 mod X"/,

where G = (X~ P/2PWF) mod XP/? is often called the residual in this context. With the
notation above, we have

M®P =X e K[X]""™ | AG =0 mod XP/?},

and thus our second subproblem is to compute a basis P® of M®_ which is an instance
of Hermite-Padé approximation at order D/2 for the vector G. &
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The computed bases PM) and P? are combined into the product P@APM which is
a basis of M as we prove below. Most importantly, computing an s-reduced basis is
consistent with this strategy, via the computation of P in s-reduced form and of P
in t-reduced form for a well-chosen shift t. These properties, stated in items (i) and (i)
of the theorem below, are behind most algorithms for Hermite-Padé approximation and
similar problems, including the iterative ones of [VBB92, BL.94, BL00| and the divide-
and-conquer ones of [BL94, GJV03, ZL12, GL14].

Theorem 1.28. Let M C MW be two K[X]-submodules of K[X]™ of rank m, and let
PO € K[X]|™™ be a basis of M. Let further s € Z™ and t = rdeg,(P"). Then,

(i) the rank of the module M = {X € K[X]*™ | APY € M} is m, and for any basis
P® ¢ K[X]™™ of M@, the product PPPW is a basis of M;

(ii) if PY) is s-reduced and P® is t-reduced, then P@OPW is s-reduced;

(iii) if PY) is in s-ordered weak Popov form and P is in t-ordered weak Popov form,
then PAPW s in s-ordered weak Popov form;

(iv) if 8V is the s-minimal degree of MY and 6@ is the t-minimal degree of M,
then the s-minimal degree of M is 6 + §).

Proof. (i) To prove that M® has rank m, we consider the adjugate adj(P(V) € K[X]™*™
of P, that is, the transpose of its cofactor matrix. Then, adj(P™)P®") = det(PM)I,,
and thus for any p € M we have p adj(P"))P® = det(P™M)p € M. Hence M adj(P™M) C
M® and it remains to show that M adj(P™) has rank m, which follows from the non-
singularity of adj(P®).

The rows of P@PM are K[X]-linearly independent since its determinant is nonzero.
Now let p € M; we want to prove that p is a K[X]-linear combination of the rows of
POPO, First, p € MW, so there exists A € K[X]"™ such that p = AP("). But then
A € M®? and thus there exists u € K[X]"™ such that A = uP®. This yields the
combination p = pP@PW),

(4i) Let d = rdeg,(P®); by the predictable-degree property from Theorem 1.11, we
have d = rdeg,(P@PW). Using X 4PAPWXs = X~ dPAXt Xt PMXS we obtain
that Img(P@PW) = Im(P®)lmg(PW). According to Theorem 1.11, our assumption
implies that lm¢(P®) and lmg(P™) are invertible. Therefore Img(P@PM) is invertible
as well, and P@PW is s-reduced.

(iii) Using Lemma 1.21, the result follows since Img(P@P®) = Im¢(P®)Imy(PW) is
lower triangular and invertible.

(iv) Let P be the s-Popov basis of M) and P?) be the t-Popov basis of M. Then,
by the item (ii7) above, P?PW is in s-ordered weak Popov form. Thanks to Lemma 1.25,
it remains to show that the s-pivot degree of PAPW is §() +§3 . Since PN and P® are
in s- and t-Popov form, we have t = rdeg,(P")) = s+ 6" and rdeg,(P®) =t +§?; the
conclusion then follows from rdeg,(P@P®) = rdeg, (P?) =t +6?) = s+ 61 +62.

We remark however that for P in s-Popov form and P® in t-Popov form, the
product P@PW is generally not in s-Popov form. One may want to first compute P@P®)
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and then normalize it into s-Popov form; while this will give the sought shifted Popov
form, this strategy is too costly in the worst cases. In fact, even the number of coefficients
from K needed to represent the product P@PM may be beyond our target cost, as we
will detail in Section 1.2.2.

To circumvent this difficulty, the algorithms presented in Sections 2.3 to 2.5 avoid to
directly follow this approach based on polynomial matrix multiplication. Instead, they
rely on the item (iv) above. It implies that, if we have obtained recursively P and
P® in s- and t-Popov form, then the s-minimal degree & of M can be simply obtained
by adding the tuple of diagonal degrees of P and P®. Then, we rely in particular on
Lemma 1.26 to exploit the knowledge of § in order to efficiently compute the s-Popov
basis of M.

1.2.2 Size of bases and target costs

In this section, we discuss bounds on the size of the bases of a module, where by size, we
mean the number of field elements used to represent them. In this thesis, except when
indicated, we will always assume a dense representation of polynomial matrices, meaning
that the size of a matrix P = [p;];,; € K[X]™*" is measured as mn+3_; )|, 201 deg(pi;)-
Studying the size of the matrices we compute is important, since it provides trivial lower
bounds: it is expected that an algorithm which returns a basis of size S will have to
perform some computation for each of the output field element, and thus it will use Q(5)
operations in K assuming that no structure of the basis is exploited. These size bounds
can also be used to set up target costs for our algorithms.

Here we only consider modules M C K[X]™ of rank m, which are thus represented by
a square, nonsingular polynomial matrix P € K[X|™*. If we do not make any specific
requirement on P, it may have entries of arbitrary large degree. For example, the bases of
the module K[X]**™ form the set of unimodular matrices, which contains all unit upper
or lower triangular matrices (see Example 1.2). On the other hand, as soon as we require
some minimality, the degree of the determinant of the computed bases will play a central
role in their size.

Shifted reduced bases and average row degree. The constraints of being a reduced
form immediately restrict the possibilities in terms of degrees. For example, the identity
matrix is a basis of K[X]|"*™ which is 0-reduced, and thus any other 0-reduced basis must
have the same O-row degree, or in other words, must be a nonsingular constant matrix.
A convenient tool for analyzing the degrees of shifted reduced matrices is provided by the
determinant, thanks to Theorem 1.11: for instance, any unimodular matrix U which is
0-reduced satisfies [rdeg(U)| = deg(det(U)) = 0.

The shift s € Z™, as a set of degree weights on the columns of s-reduced bases, affects
how the degrees of the entries of such bases are distributed. While in our problems the
precise degree distribution in the ouput is unknown a priori, we still have a global control
on it, as follows. We will always have, directly from the input, a bound D € Z>( on the
degree of the determinant of any basis of M. Furthermore, we will have a related bound
on the size of the input, which will often be O(mD), or in some cases O(m?*[D/m]).
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Then, this quantity D provides us with a bound on the sum of the shifted row degrees
of any s-reduced basis P of M:

rdeg, (P)] = deg(det(P)) + |s| < D +s|.

After ensuring that the shift has nonnegative entries, by considering s — min(s) instead
of s without loss of generality, we bound the sum of actual row degrees of P as

\rdeg(P)\ < |rdegs—min(s)<P)‘ <D+ gv

where £ = |s—min(s)|. This states that the average row degree of P is at most (D+¢&)/m.
In particular, P can be represented using at most m? + m(D + &) field elements.

Our algorithms will fundamentally rely on polynomial matrix multiplication, as for
example in the general divide-and-conquer scheme presented in Section 1.2.1, where one
computes two bases and multiply them together. Having the above bound, we expect to
multiply matrices of dimensions m x m and average row degree in O((D+¢&)/m), with the
product also having average row degree O((D + &)/m). There are algorithms specialized
to this kind of situations, and thus a reasonable target cost is O (m* + m“~1(D + &)) =
O (m*[(D + &)/m]), where the ceiling function takes into account the possibility that
D + £ be negligible with respect to m.

To see why shifted reduced matrices may still have entries of large and unbalanced
degrees, here is an example of a unimodular matrix U in s-ordered weak Popov form
and such that rdeg(U) = rdeg,(U) = s, and |rdeg(U)| = |rdeg,(U)| = deg(det(U)) + £.

Assuming that s is non-decreasing and min(s) = s; = 0, we consider

1

Uz [5:2] 1 ) |

(5] |

where [d] denotes an entry of degree d. The size of this matrix, in terms of number of field
elements, is not even the worst-case ©(m?+m(D+¢)), which can only be reached for some
specific shifts. Yet, currently known fast polynomial matrix multiplication algorithms do
not take size into account, but only the average row degree, for which this particular
matrix achieves the worst case deg(det(-)) + &.

Shifted Popov forms and average column degree. Concerning shifted Popov forms,
the situation is simpler since the bound D directly gives control on their average column
degree. Indeed, for a matrix P in s-Popov form, the column degree of P coincides with its
s-pivot degree, that is, cdeg(P) = 8. On the other hand, since P is also column reduced,
we have |cdeg(P)| = deg(det(P)). Then, having deg(det(P)) < D, the sum of column de-
grees satisfies |cdeg(P)| = || = deg(det(P)) < D, and the average column degree of P is
at most D/m. Thus, we readily have that the size of P is in O(m?*4+mD) = O(m?[D/m]).

In particular, in our problems where the size of the input is within the same bound,
this means that one may hope for algorithms with cost bound O (m“[D/m]). This is
smaller in general than the target cost given above for shifted reduced forms, which was
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dependent on £ = |s —min(s)|. Yet, as remarked in Section 1.2.1, shifted Popov forms do
not behave well regarding matrix multiplication, so that additional techniques have to be
used in order to compute shifted Popov bases efficiently. To recall Section 1.2.1, currently
known fast algorithms for computing shifted Popov bases focus on finding the minimal
degree &, and then use & to reduce the problem to the computation of a shifted reduced
form for a shift that is “not far from uniform”. We now discuss this case in more detail.

Assumptions on the shift. These are designed to both hold in many interesting situa-

tions and ensure that the computed shifted reduced bases have a size that remains within

the size O(m?[D/m]) of the input. This suggests a target cost of the form O™ (m*[D/m]),

while according to the discussion above, such a cost seems infeasible for the computation

of s-reduced bases in general, where £ = |s — min(s)| can be significantly larger than D.
From the degree bounds above, the assumption

Hsa1: & =|s—min(s)| € O(D), (1.2)

ensures that an s-reduced matrix P with deg(det(P)) < D satisfies |rdeg(P)| € O(D).
This assumption states that s is not far from uniform, around its minimum value.

The second commonly encountered assumption is linked to the encoding of degree
constraints into shifts as in Remark 1.9. In this context, one has some prescribed bounds
N1, ..., N,, € Z~( on the output polynomial vectors, and assumes Ny +---+ N,, = D+1
(for example in Hermite-Padé approximation [Her93, Pad94|), or more generally that the
sum Ny + --- 4+ N, is greater than D but still in O(D) (for example in the bivariate
interpolation step of the Guruswami-Sudan algorithm [Sud97, GS99]).

In terms of the negative shift s = (—=Ny,...,—N,,), we have |—s| = Ny + -+ + Np;
the corresponding assumption that we encounter for example in [Z1.12] is the following.

Hso: |max(s) —s| € O(D). (1.3)

This assumption states that s is not far from uniform, around its maximum value. As
we prove in the next paragraph, Hs o implies that the sum of the degrees in an s-reduced
matrix P with deg(det(P)) < D is in O(mD); or, in other words, the average degree of P
is in O(D/m). In this context, one can hope for algorithms with cost in O"(m“[D/m]).

Let P be such that deg(det(P)) < D and be s-reduced for s satisfying Hso. Since
Img(P) is invertible, we can find a permutation 7 of {1,...,m} such that its entries at
indices {(7(j),7),1 < j < m} are nonzero. Up to permuting the rows of P by 7, we can
assume that the diagonal of Img(P) is nonzero. Then, denoting by [d;;]; ; the degrees of the
entries of P, we have rdeg,(P) = (di1 + 51, .., dmm + Sm), deg(det(P)) = dy1 + - - - + dpm,
and for all 7, j, d;; < di; + s; — s; < d;; + max(s) — s;. While d;; may be —oo when i # j,
the right-hand side is nonnegative. We finally obtain that

Z di; < Z(d” + max(s) — s;) < mdeg(det(P)) + m|max(s) —s| € O(mD),
gt dij#—o00 irj

giving the announced bound on the average degree of P.
For some problems, algorithms have been designed especially to work efficiently under
either Hg 1 or Hgo [Sto06, ZL12|. Yet, these assumptions are restrictive, and in fact there
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is an important example of a shift which they do not cover (while the ideas in Section 1.2.1
will allow us to deal with it efficiently):

h=(0,D,2D,...,(m—1)D). (1.4)

If a matrix P is in h-reduced form and such that deg(det(P)) < D, then P is lower
triangular; and if P is furthermore in h-Popov form then it is in Hermite form [BLV06,
Lemma 2.6]. The next paragraph proves that this shift is extremal: knowing the bound
D, one can restrict to considering shifts that, after being sorted in non-decreasing order,
lie between the uniform shift 0 and this Hermite shift h, for componentwise comparison.

Reducing the entries of the shift. Let A € K[X|™*™ be nonsingular, let s € Z™,
and consider D € Z-q such that D > deg(det(A)). Here, we show how to construct from
s and D a shift t € ZZ|, such that

e the s-Popov form P of A is also in t-Popov form;
e min(t) =0, max(t) < (m —1)D, and |t| < m*D/2.

We write § = (Szq1),-- -, Sx(m)), With 7 any permutation of {1,...,m} such that § is
non-decreasing. Then, we define t = (¢y,...,%,) by t; = 0 and, for 2 <i < m,

. D if 8 — 41> D,
§7; — §7;_1 otherwise.

Let t = (1?71-71(1), . ,i\ﬂfl(m)). Since the diagonal entries of P have degree at most
deg(det(A)) < D, it is easily verified that P is in t-ordered weak Popov form. Fur-
thermore, since P is in s-Popov form, in each column its entries have degree less than the
diagonal entry, hence P is in t-Popov form.

1.3 Grobner bases of modules over multivariate poly-
nomial rings

In this section, we extend our considerations to modules over a multivariate polynomial
ring K[ X] = K[X}, ..., X,]. Having several variables brings new developments, since it
implies that several properties at the core of our discussions in the previous section do
not hold anymore. Namely, the fundamental difference is that K[X] is not a principal
ideal domain as soon as r > 2, and as a consequence most K[ X ]-modules we will consider
do not have a basis, consisting of K[X]-linearly independent elements. Still, it is known
from Hilbert Basis theorem that submodules of K[ X]™ always have a generating set: this
is what we will compute for our problems. New questions arise, starting with that of
specifying which useful properties we would like to require on the computed generators.
We will observe that generating sets of a submodule generated by monomials allow us
to efficiently compute in the quotient module, and can be directly turned into a generating
set which is unique in terms of the given submodule. Then, wanting similar properties
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1.3. Grébner bases of modules over multivariate polynomial rings

for generating sets of submodules in general, we present the notion of Grébner basis.
It fundamentally relies on a chosen monomial order, and for a given order a submodule
admits a unique reduced Grobner basis. We detail how this generalizes to several variables
the shifted Popov bases of univariate modules presented in Section 1.1, where the shift
can be seen as the specification of a monomial order.

Finally, we give more details and examples about a specific type of modules that plays
an important role in the problems we are interested in. Namely, these are the modules
which have finite dimension as K-vector spaces. Many computations with this kind of
modules can be done by means of linear algebra over K, involving multiplication matrices.

1.3.1 Generating sets of ideals and modules

Hereafter, we consider a polynomial ring K[X] = K[Xy,..., X,] for some integer r > 1.
As in Section 1.1, we study K[X]-submodules of K[X|™. In the case of one variable, we
derived many properties of submodules from the fact that a univariate polynomial ring
is a principal ideal domain: any ideal of K[X] is generated by a single polynomial. A
notable consequence is that submodules of K[X|™ are free and of rank at most m, as
stated in Lemma 1.1. This does not hold anymore as soon as r > 2. We start with the
case m = 1, for which the K[X]-submodules of K[ X] are exactly the ideals of K[X].

Ideals. In K[X], the question of finding a generating set of an ideal is naturally in-
terpreted as the question of finding its unique monic generator. The situation is more
complex in the multivariate case.

Ezxample 1.29. The ideal of K[X, Y] generated by X and Y, denoted by Z = (X,Y), is
not principal. Indeed, if there exists a nonzero generator f € K[X,Y] such that Z = (f),
then both X and Y must be multiples of f, which implies that f is a constant; but then
we would have Z = K[X, Y], which is not the case.

Now, assume that there is a generating set { f1, ..., fs} of Z consisting of s > 2 polyno-
mials. Then, f; and f, are not K[X]-linearly independent, since a nontrivial combination
afi + Bfa =01is given by a = fo and § = — f7. #

One may note that the latter paragraph holds more generally for any ideal Z of K[ X]:
if 7 is not principal, it does not have a basis; we recall that we reserved the word basis for
generating sets that are K[X]-linearly independent. Such relations between generators
of Z are called syzygies. Here is another example, encountered in interpolation problems
such as the one in Example 1.4.

Ezample 1.30. Let {(xj,yj1,-..,y;r) € K11 < j < D} be a set of points with
x1,...,rp pairwise distinct. Then,

I:{QEK[)QY&,,Y;] | Q(xj,ij,...,yjﬂ,):Ofor allléy SD}

is an ideal. Let M(X) = (X —x1)--- (X —zp), and for each k € {1,...,r} let Ly(X) be
in K[X] such that Lg(x;) = y;x for 1 < j < D. Then,

I = (M(X),Y1— Li(X),.... Y, = L(X)).
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As in the previous example, one can easily prove that Z is not principal, and that it does
not have a basis. #

Although only principal ideals have a basis, the following result of Hilbert states that
all ideals in K[X] have a finite generating set [Eis95, Theorem 1.2].

Theorem 1.31 (Hilbert Basis Theorem). Let Z be an ideal of K[X]. Then T is finitely
generated, that is, there exist fi,..., fs € K[X] such that T = (f1,..., fs).

Note that this is called the basis theorem: in this result, as well as in the terminology
of Grobner bases introduced below in Section 1.3.3, the word basis commonly refers to a
set of generators, without requiring that they be linearly independent over the polynomial
ring. To avoid possible ambiguities in the univariate case, which concerns a large part of
this document and where the bases we are interested in are linearly independent, in what
follows we will not use the word basis unless we know that the concerned generating set
is linearly independent, except of course in the standard name Grébner basis.

Modules. Now, we consider the more general case of submodules of K[ X ™ for m > 1.
As above for ideals (m = 1), such submodules do not have a basis in general. Yet, it follows
from the Hilbert Basis Theorem that they are finitely generated |Eis95, Proposition 1.4].

Ezample 1.32 (Multivariate rational reconstruction [Fit95, Fit97]). Let us consider a prin-
cipal ideal Z = (f) of K[X], and let g € K[X]. Then,

{(p1,p2) € KIX]* | p1 = pag mod [}

is a free submodule of K[X|? of rank 2, with basis {(g,1), (f,0)} [Fit97, Theorem 3.1]|.
Now, suppose that Z is not principal; then the submodule

M ={(p1,p2) € K[X]* | p1 + p2g € I}

is not free. Still, it is finitely generated. Indeed, according to the Hilbert Basis Theorem
there exist polynomials fi, ..., fs such that Z = (f1,..., fs), and then M is generated by

{(97_1)7(flvo)a"'v(fsao)}' s

In this context, we will compute generating sets for submodules of K[ X]™. Like in the
univariate case, we are interested in such sets that have specific properties. An important
family of ideals and modules is formed by those which are generated by monomials.

Monomial modules. Now, we present the definition of monomial submodules and the
basic properties of their generating sets. The reader may refer to [Eis95, CLO05, CLOO07|
for a more detailed introduction, and to [MSO05] for an in-depth study.

Let us denote by cy, ..., c,, the coordinate vectors

c; =(0,...,0,1,0,...,0) € K[X]™ with 1 at index 7,

which form a basis of the free K[X]-module K[X|™. A monomial in K[X] is a product of

powers of the variables, Xfl -+« X for some (i1, . ..,i,) € Z%. More generally, a monomial
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in K[ X|™is fc; = (0,...,0, £,0,...,0) where 1 < j < m and f is any monomial of K[ X].

Then, a term in K[X] or in K[X]™ is a monomial multiplied by a scalar from K.
In particular, a polynomial f € K[X]|™ is a finite K-linear combination of monomials in
K[X]™, or in other words a finite sum of terms in K[X]™; these are called the terms of
f. Given terms f and ¢ in K[X], we say that the term fc; is divisible by the term gc;, if
j =k and f is divisible by ¢ in K[X].

An important family of ideals of K[X] is formed by the monomial ideals, that is,
those generated by monomials of K[X]. Similarly, a monomial submodule of K[X|™ is
a K[X]-submodule of K[X]™ which is generated by monomials of K[X]™. Note that
such a monomial submodule M can be written M = Z,¢; @ - - - & Z,,,¢,,, where Z; is the
monomial ideal of K[X] generated by the monomials f such that fc; € M.

Generating sets of monomial submodules have particularly nice properties. Let M =
(ficjy, ..., fscj,) be a monomial submodule. Then, we have a straightforward membership
characterization: an element f € K[X]|™ belongs to M if and only if every term of f is
divisible by one of the monomials fic;,, ..., fsc;,. As aconsequence, a basis of the quotient
K[X]™/ M as a K-vector space is given by the set of monomials not in M.

Furthermore, one can easily turn the above set of generators of M into a unique,
minimal set of generators, by repeatedly removing from the set any monomial that is
divisible by others. The obtained generating set contains only elements that are minimal
for the partial order defined by divisibility on the monomials of K[X]™.

Identifying the exponents of the monomials with tuples in ZZ, allows us to draw them,
and observe the properties stated above on this picture. In Fig. 1.1, we show examples of
monomial ideals in two variables; an example in three variables is given in Fig. 1.2.

To summarize, generating sets of monomial submodules allow us to easily test member-
ship, work in the quotient K[X]™ /M, or find a canonical generating set. For a submodule
M in general, generating sets do not have such properties. Still, there is a specific type of
generating set which has them, called a Grébner basis of M, which besides reduces many
questions about M to questions about a monomial submodule related to M: the initial
module of M.

1.3.2 Monomial orders and initial module

As above, let K[X]| = K[X,...,X,| and m € Z-,. Here, we first introduce monomial
orders on K[X|™, which then allow us to associate to any submodule M of K[X]™ its ini-
tial module. This is a monomial submodule which contains important information about
M and will play a central role in the definition of a Grobner basis of M in Section 1.3.3.

Monomial orders. First, we present monomial orders, mainly through several impor-
tant examples. For more details and insight, we refer the reader to |Eis95, Section 15.3],
[KR0O0, Sections 1.4 and 1.5], [CLOO05, Section 5.2, and [CLOO07, Section 2.2|.

Definition 1.33 (Monomial order). A monomial order on K[ X|™ is a total order < on
the monomials of K[X|™ such that, for any pair of monomials f,g of K[X|™ and any
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Figure 1.1: The staircase of the bivariate monomial ideals (X% Y) and (X% X?Y* V7).
An arbitrary generating set for these monomial ideals must contain the minimal generators
(red dots); apart from that, it may contain any finite subset of the other monomials in
the ideal, which corresponds to the greyed part.

4

Figure 1.2: The staircase of a monomial ideal in three variables. The minimal generating
set is indicated by black-green cubes, while the monomial basis of the quotient module is
indicated by blue-red cubes.
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monomial h # 1 of K[ X],

f =g implies f < hf < hg.

Let us give examples, first considering the case of the multivariate polynomial ring, that
is, m = 1. Note that in the case of one variable, this definition allows only one monomial
order on K[X], which is the natural order by comparing the exponents: X’ < X7 if and
only if i < 7.

Hereafter, we only consider monomial orders such that X, < --- < Xj; this can be
ensured without loss of generality up to renaming the variables. One first example is the
order used to sort the entries in a dictionary.

Ezample 1.34. The lexicographic order <ex on the monomials of K[X] is defined as follows,
for two monomials f = Xj' -+ X/ and g = X' -+ X/

f =<iex g if ix < jj for the first index k with g # jp.

For example, X2X35 <o X7 X2 <jex X2 X35 <1ex X7 #

For convenience, we will sometimes identify monomials and the corresponding expo-
nent tuple, and consider monomial orders as orders on Z%. In the previous example, for
r = 2, we would write (2,3) <iex (3,2) <iex (3,5). Another monomial order, which has
proven to be very important in Grobner basis computations, is the following.

Ezample 1.35. The degree reverse lexicographic order <qy on K[X] is defined as follows,
for two monomials f = X{*--- X and g = X{* -+ XJ:

[ <an g if deg(f) < deg(g), or if deg(f) = deg(g) and
ik > J for the last index k with i # ji,

where deg(-) stands for the total degree. For example, X? X3 <41 X$ <aqn X2 X5. #“

This is an example of an order which refines the degree. In general, a monomial order
< on K[X] is said to refine the degree if it first compares the total degree of monomials
and then uses another tie-breaking order in case of equality.

Now we give the most often encountered monomial orders for modules. These are two
natural extensions of monomial orders on K[X] to monomial orders on K[X]™, called
term-over-position and position-over-term, respectively. We also include a shifted vari-
ant of term-over-position orders, which can be found for example in [Fit97| and [Mid11,
Definition 6.19], and which will allow us in Section 1.3.3 to establish precise links with
notions introduced in the univariate case in Section 1.1.

Definition 1.36 (TOP order, POT order). Let < be a monomial order on K[X]. Con-
sider the module K[X|™ with its canonical basis cy,...,Cyp, and let Sy, ..., Sy be mono-
mials in K[ X]. Then, < induces the following monomial orders on K[ X|™. For any pair
of monomials fc; and gci, of K[X|™,

e <-POT order: fc; <P gcy if j <k, orif j=Fk and f < g;
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e <-TOP order: fc; <*Pgcy if f <g, orif f=g and j <k;
e shifted <-TOP order: fc; <5*P gcy if fS; < gSk, orif fS; = gSy and j < k.

For a more complete treatment of monomial orders for polynomials rings and modules,
one may refer to [Rob86, Eis95, FG06]. The shifted orders are sometimes called weighted
orders [FF92, OF07]. Here, we will prefer shift for several reasons: this announces links
with the notion of shifted degrees from Section 1.1; weighted orders also commonly refer
to assigning weights to the variables in the context of monomial orders on K[X]; we will
use the latter notion of weights later in multivariate interpolation problems (Problem 11).

Ezxample 1.37. Here, r = m = 2. For any monomial order < on K[X| = K[X7, X5] and any
monomials f and g of K[X], we have (f,0) <P°* (0, ¢) and (f,0) <*P (0, f). Furthermore,
(f,0) <P°t (g,0) and (f,0) <P (g,0) are both equivalent to f < g. For <°°, we have

(0, X1) =1¥ (XTX3,0) <jex (0, XPX5) <1 (X7X3,0) =1 (0, X7X3),

: t
while for <}>" we have

(XTX3,0) <h (XTX3,0) < (0, X1) =i (0, X7X3) <P (0, X7 X3). “
Example 1.38. Here, we consider the univariate module K[X]™, that is, r = 1 and m > 1.
As mentioned above, in the case of univariate polynomials, the only monomial order over
K[X] is given by X* < X® & a < b. Furthermore, the shifting monomials are S; = X%
for all j, defining a shift s = (s1,...,s,) € ZZ,. As a consequence, the monomial orders
defined above specialize into the following:

e <-POT order: X%c; <P°" Xbc; if and only if (j, a) <ex (k,b);
e <-TOP order: X°c; <"P X°c; if and only if (a, ) <iex (b, k);
e shifted <-TOP order: X°c; <5*P X’¢ if and only if (a + s;,7) <iex (b+ Sk, k).

The reader may note that this is reminiscent of the notions of row degree and pivots from
Section 1.1. We will clearly state this link in Example 1.40 and Section 1.3.4. #

Initial module. Now that we have defined total orders on the monomials of K[X]™,
we may define the notion of initial term of a polynomial with respect to this order, which
generalizes to several variables r > 1 and to modules m > 1 the notion of leading term
for univariate polynomials.

For a given monomial order < on K[X]™ and an element f € K[X]™, the <-initial
term of f, denoted by in(f), is the term of f whose monomial is the greatest with respect
to <. We extend this to any collection F C K[X]™ of polynomials: the <-initial terms
of F, denoted by in-(F), is the set of initial terms {in-(f), f € F} of the elements of
F. For a module M, the <-initial module of M, denoted by inL(M), is the monomial
submodule {in.(f), f € M} of K[X]™.

For example, the <je,-initial term of f = 3X? X3 + 5X3 X2 + 2X7 X3 € K[Xy, Xo] is
in,.,(f) = 3XPXG.
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Ezample 1.39 (Multivariate rational reconstruction). From Example 1.32, for a given ideal
Z=/{f1,...,fs) of K|X] and some element g € K[X],

M = {(p1,p2) € K[X]? | p1 + pag € T}

is a submodule of K[X|? generated by F = {(—g,1),(f1,0),...,(fs,0)}. Let < be a
monomial order on K[X]. Then, assuming ¢ is nonconstant, for the <-TOP order we
have

inep (F) = {(in<(g), 0), (in<(f1),0),. .., (in<(fs), 0)}.
In particular (in_ewp (F)) is a strict subset of intop (M), since we have for example (0, f1) =
f1(g,1)—g(f1,0) € M while inwp (0, f1) = (0,in<(f1)) & (inzees(F)). On the other hand,
for the <-POT order we have

in<P°t(‘F) = {(07 _1)7 (in<(f1)’ 0>’ R (in<(f5), O)}’
and one can check that in this case (in_pet(F)) = in4(Z) x K[X] = inpet (M). #

The latter situation, when we have a generating set of M whose initial terms generate
the initial module of M, indicates that this generating set has good properties; this will
be developed in Section 1.3.3. In the univariate case, we can relate the initial term with
the notion of pivot introduced in Definition 1.13.

Ezample 1.40. Consider the K[X]-module K[X]'*™ and let < denote the monomial order
on K[X]. For a shift s € Z™ and a nonzero polynomial vector p = [p;]; € K[X]'*™ let
(0,...,0,aX?0,...,0) denote the <5*°P-initial term of p, with aX¢ at index 7. Then
the s-pivot entry of p is p,, the s-pivot degree of p is d = deg(p,), and the leading term
of p, is aX?.

More generally, let M be a submodule of K[X]'*™ of rank m, let s € Z™, and let
d = (01,...,0m) be the s-minimal degree of M. Then the <**P-initial module of M is

instop(M) = XK[X] x --- x X"K[X].

We recall that, as noted in Section 1.1.3, the quotient K[X]'*™ /M is isomorphic to the
product of residue class rings K[X]/(X%) x --- x K[X]/(X°"), and it admits the vector
space basis Uy<jem{X%;,0 < d < §;} where ¢; € K[X]'™ is the coordinate vector with 1
at index j. #

The last property in this example actually holds more generally, as stated in the next
theorem. This implies in particular that the initial module gives important information
on the quotient K[X|™/ M, notably for performing computations therein.

Theorem 1.41 (Macaulay). Let K[X| = K[X,...,X,], let m € Z-o, and let M be
a K[X]-submodule of K[ X]|™. For any monomial order < on K[X]|™, the set € of all
monomials not in ins (M) forms a basis of K[X]™/M as a K-vector space.

A proof can be found in [Eis95, Section 15.2]. Note that here and hereafter, we
identify the indeterminate X; in K[X] and its image in the quotient K[X|™/M. Then, if
the module K[X]™/M is finite-dimensional as a K-vector space, it admits a finite basis
&€ ={e1,...,ep} formed by the monomials not in in, (M), which is commonly called the
<-monomial basis of K[X]™/M. Note that it is sometimes required that this basis be
ordered such that 1 =¢; < --- < ¢p.
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FExample 1.42. Following the notation of Example 1.30, let us show in detail that

I:{QEK[X,H,,Y;] | Q(Iﬁyj,lu'-wyj,'r) =0 for all 1 <] < D}
= <M(X>7Y1 _Ll(X)w'-;Y;"_LT(X))

is such that the quotient ring M = K[X,Y],...,Y;]/Z has finite dimension D as a K-
vector space, and more precisely, that it admits {1, X, ..., XP~1} as a vector space basis.
We will show later in Example 1.45 that, for a certain monomial order <, the initial ideal
of Zising(Z) = (XP,Yy,...,Y,).

First, the monomials 1, X, ..., XP~! are K-linearly independent in M. Indeed, con-
sider a linear combination p(X) = pol +p1 X +---+pp_1 XP~! for some py,...,pp_1 € K.
If this combination is zero in the quotient, this means that p(X) € Z, and therefore
p(z1) = -+ = p(xp) = 0. Thus p(X) is a univariate polynomial of degree less than D
which has at least D pairwise distinct roots: it must be zero. Hence py = --- = pp_1 = 0.

Then, the conclusion follows from the remark that for any f € K[X,Y7,...,Y,], we
have f(X,Yy,...,Y,) = f(X,Ly,..., L) + g for some g € Z. Considering the univariate
polynomial p(X) which is the remainder in the (univariate) division of f(X, Lq,..., L;)
by M(X), we obtain that the image of f in the quotient M is the same as that of p,
which is a K-linear combination of the monomials 1, X, ..., X?~1 &

1.3.3 Grobner bases

As above, let K[X]| = K[X},...,X,], m € Z-o, and let M be a submodule of K[X]™.
From Theorem 1.41, we obtain the following property regarding division modulo M: any
polynomial f € K[X]™ can be uniquely written f = g + h, where ¢ € M and h is a
K-linear combination of the monomials not in inL(M). This remainder h is called the
=<-normal form of f (with respect to M), denoted by nf(f). Then, a natural question is
how to find nf(f) from f, assuming that M is given by a generating set {fi,..., fs}.

There is an algorithm for performing multivariate division with remainder, which
generalizes the Euclidean algorithm for the univariate case, and relies on a monomial
order < to decide at each step which monomial should be considered. Given f € K[X]|™,
this algorithm produces an expression f = ¢ f1 + -+ + qsfs + h, where none of the terms
of hisin (ing(f1),...,in<(fs)); for more details, one may refer to [Eis95, Section 15.3] or
to [CLOO07, Chapter 2, §3].

One problem is that this does not always yield the unique remainder nf_(f) as above;
in other words, h is not unique and we may have h # nf_(f). Indeed, as observed in
Example 1.39, (in<(f1),...,in<(fs)) may be strictly contained in in-(M). This leads us
to the following definition of a specific type of generating sets of M, called Grobner bases.

Definition 1.43 (Grobner basis). Let < be a monomial order on K[X|™ and let M be a
K[X]-submodule of K[ X]™. A generating set { f1,..., fs} of M is said to be a <-Grébner
basis of M if the <-initial module of M is generated by {in<(f1),...,in<(fs)}, that is,
in<(M) = <in<<f1)> te 7in<(f5)>'

We will drop from our notation the monomial order < when there is no ambiguity. The
next result sometimes helps to prove that two sets of polynomials generate the same mod-
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1.3. Grébner bases of modules over multivariate polynomial rings

ule, by reducing the question to the comparison of their initial modules. This highlights
the fact that the initial module contains useful information about the module itself.

Lemma 1.44. If N C M C K[X]™ are two submodules such that in,(N) = ins(M),
then N' = M.

The proof can be found in [Eis95, Lemma 15.5]. An important consequence is that,
for any submodule M of K[X|™ and any monomial order < on K[X]™, there exists a
<-Grobner basis of M. Indeed, the initial module of M is finitely generated: ino(M) =
(g1, -.,9s) for some monomials g, ...,gs € ingx(M). These monomials are initial terms
of elements fi,..., f; € M, and therefore in,(M) = (¢1,...,9s) C in<({f1,...,fs)) C
inL(M). Thus, by the above property we have M = (f1,..., fs).

This lemma also gives us a Grébner basis test: a set of elements of M is a <-Grobner
basis of M if and only if their <-initial terms generate in-(M). Another Grobner basis
test is Buchberger’s criterion [Eis95, Theorem 15.8]. The latter can be turned into an
algorithm to compute a <-Grébner basis of M, for any monomial order < and any
submodule M of K[X]™ [Buc76] (see also |Eis95, Algorithm 15.9]).

Similarly to what we presented above for monomial modules, one can easily transform
a <-Grobner basis of M into a minimal one, by removing elements whose initial term is
divisible by the initial term of another element. More precisely, { f1,..., fs} is a minimal
<-Grobner basis of M if in(f;) is monic for all ¢ (the coefficient from K is 1), and for
all 7 # j, in<(f;) does not divide in(f;) [AL94, Definition 1.8.1]. Although this does not
yield uniqueness of the set of generators, all minimal <-Grébner bases of M have the
same number of generators and the same initial terms, the latter forming the minimal
generating set of in(M).

There is a specific minimal <-Groébner basis of M, called the reduced <-Grobner basis
of M, which is canonical: it is uniquely defined in terms of the module M and the
monomial order <. Namely, this is the Grobner basis {fi, ..., fs} of M which satisfies

o for 1 <i<s, in(f;) is monic;
o for 1 <i < s, ing(f;) does not divide any term of f; for j # 1.

These properties directly give an algorithm to transform any <-Grébner basis of M into
the reduced <-Grébner basis of M.

Example 1.45. As in Examples 1.30 and 1.42, consider the ideal

7= {Q S K[X,}/l,,}/r] | Q(xj,yj71,...,yjm) =0forall 1 g] < D}
of K[X,Y1,...,Y,], and let M(X) = (X —x1)--- (X —xp), as well as L(X) € K[X] be
such that Ly(z;) =y, for 1 < j < D and k € {1,...,r}. Furthermore, let <x stand

for the lexicographic order on K[X, Y}, ..., Y,], where the variables are ordered arbitrarily
with X < Yj for all j. Then,

{M(X), Y1 = La(X), ..., Y, = L (X)}

is the reduced <jex-Grobner basis of Z. &
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We have the following characterization, which gives in particular a property similar to
the predictable-degree property of Theorem 1.11.

Lemma 1.46. Let M be a submodule of K[X|™, < be a monomial order on K[ X|™, and
G=A{f1, ..., fs} SM. Then, G is a <-Grébner basis of M if and only if for all f € M,
there exist gy, ..., 9s € K[ X] such that

f=nh+ +gsfs and in<(f)=m<ax{in<(gif,~),1gz‘gs},

For a proof of this result and other characterizations, see for example [AL94, Theo-
rem 3.5.14]. As mentioned above, one of the motivations for introducing Grobner bases
is their usefulness regarding computations in the quotient K[X]|™/M, or the computa-
tion of normal forms nf_(f) of elements f € K[X|™ with respect to M. We summarize
properties about division with remainder here.

Lemma 1.47. Let M be a submodule of K[X|™, < be a monomial order on K[ X|™, and
G=A{fi,..., fs} CM be a <-Grobner basis of M. For any f € K[X]|™, the algorithm
of multivariate division with remainder computes gy, ..., gs € K[X] and h € K[ X]™ such
that f = g1 fr + -+ + gsfs + h, with h = nf(f) having no monomial in inL(M).

A detailed presentation of this algorithm can be found in [CLO07, Chapter 2, §3]. One
may notice the similarity of this result with Lemma 1.24 when working over K[X], keeping
in mind the description of in (M) given in Example 1.40. We will now formalize the fact
that, in the univariate case, reduced Grobner bases of submodules of K[X]™ correspond
to its shifted Popov bases.

1.3.4 Link with shifted Popov bases

Here, we focus on the univariate case. In the examples above, we have hinted at strong
links between the notions of shift and pivots, and the notions of monomial order and
initial terms. Since the former are used to define shifted Popov forms, and the latter are
used to define reduced Grobner bases, one may wonder to which extent these canonical
generating sets differ in the case of univariate modules, if they do at all.

In a different context, this connection has been studied in [Mid11, Chapter 6] concern-
ing matrices over Ore polynomial rings. More precisely, [Mid11, Theorem 6.29] indicates
that shifted Popov forms coincide with reduced Grébner bases for shifted TOP orders.
This also holds concerning matrices over K[X]; we state this precisely in Lemma 1.49. In
particular, we have that 0-Popov forms and Hermite forms coincide with reduced Grobner
bases for the TOP order and the POT order, respectively.

We remark that the connection between specific reduced forms of polynomials matrices
and Grobner bases has often been used in the context of coding theory [Fit95, Ale05, LOO0G,
LOO08, Tril0], implicitly or explicitly, and was also studied in [Niel3, Section 2.1].

The results in this section can be summarized as follows: for a given submodule of
K[X]™, shifted Popov bases for arbitrary shifts cover the whole generality of reduced Grob-
ner bases with respect to arbitrary monomaial orders.

Let < denote the unique monomial order on K[X], given by X¢ < X® < a < b. The
TOP and POT orders in Definition 1.36 have the property that ¢; <P° ¢y <P°...<Pol¢
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and ¢; <P ¢y <P ... <P ¢ . An important remark for our discussion here is that, from
the definition of a shifted s-TOP order for a given s € ZZ), we have

XHS1cy <SP X Hms20,) LSTOP L SHOP Y UmSme (1.5)

where o = max(s). Thus, one could slightly generalize the definition of the s-TOP order,
by using a permutation 7 of {1,...,m} in order to specify how the monomials of the form
XH=%ic; compare to each other. The result below states that, up to such a permutation,
any monomial order on K[X]™ coincide with a shifted TOP order on the monomials of
degree less than a prescribed bound.

Lemma 1.48. Let < be a monomial order on K[X]|™, let D € Z~q be some degree bound,
and let ci, ..., cy, be the canonical basis of K[X|™. Defining the shift s € ZZ, as detailed
below, and denoting by m the permutation of {1,...,m} such that (X™*® v c ;) 1<icm
is increasing for <, then we have

X% < X’c; & a+si<b+sjor(ats;=b+s; andn (i) <7 (j))

for any pair of monomials X°c; and X°c; of K[X]™ such that a and b are less than D.
To define s, let ¢ and vy, . .., v,y be the unique positive integers such that vi+---+v, =m
and such that one can write {1,...,m} = {iyy, 1 <v <1y, 1 <u <L} with

© Cip, < =Gy, <=y, < =G,
o XP¢,, <ci,,, for 1<u<l—1,
® ¢ <XPc;,, for 1<v<y,—1 and 1 <u</l.
Then, s = (s1,...,5n) € ZZ, is defined by
® s;, =0ands;,, ,, =si, +D for 1<u<l—1,
® si,, =5, +tmax{e| X°;,, <¢c; } for 2<v <y, and 1 <u < L.

Proof. Let X%c;, , and Xbciu, _, be monomials such that a,b < D. We want to prove that
X, <X bciu, ., 1s equivalent to

a+ si,, <b+s,, or (a+si,, =b+ Si, » and T (i) < T Hiwar)).

First, if 4, = 4w, then the equivalence follows from X“c;, , < X bei,, & a <b.

Now, if u < o/, on the first hand this implies s;, ,+D < s; , ,, sothat a+s;,, < b+s; , ,
since @ — b < D; on the other hand, we have XPt ¢, < X*Pe;, < XPe¢,,,, <
XDciu/ > hence X%, < Xbciu, - Similarly, if u < u then b+ iy, < a+ s, and
Xbciu/’,;, < X%;, ,- 7 7

Finally, assume that v = u’. First, if X%c;, , < X bciw, then by definition of s we have
X", <2 X, | < Xbciu,v, =< XbHH"uwﬁSi"vlciu,l, hence a +s;,, <b+s; .
On the other hand, a +s;,, < b+ s;, , implies that X°c;,, < X i =g, <
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b+s; ,—s; . . .
Xt 78 wreg,, 3 Xbciu - Thus, it remains to show that ifa+s;,, =0+ si, ., then
Xoc;,, < X¢; , & 7 W (iyy) < 7 (inw). By definition of 7, 7 (iyy) < 7 Hiny) <
. —si . . btsi
X#swwe;, < X" Twe'e; | where = max(s); then, multiplying by X% = X T

. — g —S; .
yields X+ Siwve; < X" Turv'e; | & XPtae, < XHtbc, | hence the equivalence. M
, u,v , u,v

Thus, when we restrict to comparing monomials of degree less than D, apart from
having fixed 7 to be the identity permutation, shifted TOP orders in Definition 1.36
represent all possible monomial orders. Similarly, we fixed a permutation to be the identity
when we defined the notion of s-pivot of a polynomial vector in Definition 1.13. Indeed,
we defined the pivot as the largest index in {1,...,m} satisfying some property. This
corresponds to ensuring the ordering in Eq. (1.5), via the link between pivots and <%*°P-
initial terms detailed in Example 1.40.

The straightforward generalization of shifted TOP orders involving the permutation
7 then corresponds to the similar generalization of s-pivots, involving a permutation of
{1,...,m} which specifies which is the s-pivot among several monomials having the same
s-degree, instead of requiring that this always be the one with largest index.

This leads us to the next result, which gives an explicit correspondence between Grob-
ner bases of submodules of K[X]™ and their bases in specific reduced forms that we defined
in Section 1.1. In this lemma, X#~% = diag(X#*~*',..., X#~*) is the shift matrix from
Section 1.1.2.

Lemma 1.49. Let M be a K[X]-submodule of K[X]'™ of rank p, and let < be a mono-
mial order on K[X]"™, and let D € Zso be some degree bound. Let s € Z7y and 7
be defined from < and D as in Lemma 1.48; we see m as the m X m permutation ma-
triz such that the rows of XF~S7 are <-increasing. Let {p1,...,p,} C K[X|™™ and let
P € K[X]?*™ be the matriz whose row i is p;. We assume that deg(P) < D. Then,

1. {p1,...,P,} is a <-Grébner basis of M if and only if P is a basis of M such that
Pr is in sm-weak Popov form;

2. {p1,...,Pp} is the reduced <-Grobner basis of M if and only if P is the basis of M
such that P is in sw-Popov form, up to permutation of its rows.

Proof. This follows from the definitions of Grobner bases and shifted (weak) Popov forms,
seeing < as a m-permuted s-TOP order as in Lemma 1.48, and using the link between
shifted TOP orders and shifted pivots as written in Example 1.40. »

Concerning the first item, we note that any <-Grobner basis consisting of p elements
is a minimal <-Groébner basis, up to making the <-leading terms of these elements monic.

1.3.5 Modules of finite (co)dimension and multiplication matrices

We now come back to the multivariate case, with K[X| = K[X;,...,X,]. In this doc-
ument, we will often encounter K[X]-modules that have finite dimension or finite codi-
mension when considered as a K-vector space. In this section, we focus on this case and
introduce some tools for computations in such modules.
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Multiplication matrices. A K[X]-module is in particular a K-vector space; besides,
the variables induce morphisms ¢, = (M — M; f — Xif) for 1 < k < r which are
pairwise commuting, that is, ¢;0p, = prop; for all j, k. In fact, there is a correspondence

M a K-vector space
and
pairwise commuting morphisms

{./\/l a K[Xl,...,Xr]—module} —
g M—>M, 1<k

(see for example [DF04, Section 10.1] for more details in the case of one variable).

These morphisms give the action of the variables on M seen as a K-vector space. Now,
if M has finite dimension D as a K-vector space, and up to the choice of a vector space
basis £ = {e1,...,ep}, the morphisms {px, 1 < k < r} can be represented by matrices
{M,, € KP*P 1 < k < r}, which are therefore pairwise commuting. In what follows, we
call these matrices the multiplication matrices of the variables X1, ..., X, with respect to
the module M and the basis £.

As a consequence, for a polynomial f € M whose coefficients on the basis £ form a
row vector f € KI*P | then the coefficients of ¢ (f) = X} f on the same basis are given
by f M, € KI*P. Here is a basic example.

Ezxample 1.50. For Z = (X,Y") of K[X, Y], the quotient M = K[X,Y]/Z is isomorphic to
K, and thus has dimension D = 1 as a vector space. For f € M, we have fX = 0 and
fY =0, and hence the multiplication matrices of X and Y are both 0 € K!*!, #

This illustrates the typical situation where M is the quotient M = K[X]/Z for some
ideal Z, or more generally M = K[X]™ /N for some module A/, with Z or N having finite
codimension as a K-vector space. We now give more details about this case, followed by
an example.

Finite codimension. For some m € Z-g, let N be a K[X]-submodule of K[X]™ of
finite codimension D, that is, the module M = K[X]™/N has finite dimension D as a
K-vector space. Equivalently, for all 1 < k£ < r and 1 < ¢ < m, there exists a nonzero
univariate polynomial f € K[X}] such that f(Xj)c; € N.

Our goal here is to summarize some basic properties about reduced Grobner bases of
N, about the shape of the monomial bases of M, and about the multiplication matrices
in M. For more details, the reader may for example refer to [MMM93, Section 3|.

Let < be a monomial order on K[X|'*™. Then, we choose the <-monomial basis of
M as its vector space basis (see Section 1.3.2), which we denote by & = {e1,...,ep}.
Besides, we denote by G the <-reduced Grobner basis of NV, and by My,..., M, the
multiplication matrices in M with respect to £.

Then, we consider the set of monomials that are obtained from those in £ by multi-
plication by a variable:

S={Xpe;, 1 <k<r1<j<D}U{c;,1<i<m]|c, €&}

This set is of particular interest since the <-normal forms of its monomials form the rows
of the multiplication matrices. More precisely, for 1 < k < r, the row j of M, is given by
the coefficients of the normal form nf_(Xye;) in the basis £.
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Another useful set of monomials is the border B = S — £. It is a generating set of
the monomial module in~(N'), and the polynomials {f —nf-(f), f € B} form a canonical
generating set of N which is commonly called a border basis of N.

Included in this border is the minimal generating set of in4 (N). It actually corresponds
to the set of monomials that are leading terms of polynomials in G, which we denote by

L={ini(g),g€ g} C B;

in particular, we have G = {f — nf<(f), f € L}. From the knowledge of the monomial
basis £, one can determine £ by first computing B and then removing elements from B
until obtaining a set of irredundant monomials.

The size of these sets will play a role in our algorithms. We have the trivial upper
bound Card(B) < Card(S) < rD + m, and thus Card(L) = Card(G) < rD + m as well.
In constrast, we recall that in the univariate case we always have Card(L) = m.

Example. Following Examples 1.30, 1.42 and 1.45, we know that the ideal
= {Q S K[X,le,,Y;«] | Q(Ijvyj,lu"wyj,'r) =0 for all 1 g] < D}
= <M(X)7Yi - Ll(X)v c >Y;" - LT(X)>

is such that the <.,-monomial basis of M =K[X,Y;,...,Y,]/ZTis € ={1,X,..., XP~1}
for any lexicographic order <., with X <, Y; for all k.
As a consequence, we have

S={X,... . XPYu{V,, Vi X,... i XP 1<k <r),
hence the border is
B={XP}u{V,V:X,.... i, XP L 1<k <r}
and the minimal generating set of in._ (Z) is
L={XPYu{vn,....v,}.

Then, writing the coefficients M = M© + MMX + ... 4 MP-DXP-1 1 XD the
multiplication matrix of X is the companion matrix

My = : c KPxD,
MO _p® s (0=

Furthermore, for 1 < k < r, My, is the Krylov matrix

Vi

VkMX
2

My, = | viMyx | e KPP,

k

viMY ™
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where vy, is given by the coefficients of L, = L,(CO) + LS)X +---+ I/II(QD_UXD*1 as

vi= |20 ) - L] ex .

We remark that we never used the points defining Z in this process: in fact, this
derivation of the multiplication matrices holds in general for an ideal of the form 7 =
(M(X),Yy — L1(X),...,Y, — L,(X)), independently of our knowing the roots of M (X).
Yet, using this additional knowledge we can give another vector space basis of M which
leads to other multiplication matrices. Another basis of M is the Lagrange basis

X -z
{Lo4(X),1<i< D} where Lo; =[] i
J#i
we recall that the points x4, ..., zp are pairwise distinct. The coordinates of a polynomial

f(X,Y1,...,Y,) € M on this basis are the evaluations {f(z;,0,...,0),1 < ¢ < D}. It
follows that the multiplication matrix of the variable X is the diagonal

Zy
X2
My = _ e KP*P,
Tp
Besides, as above, we have
]
VkMX
My, = | iM% | € KPXP
VkMgil
for 1 < k < r, where v}, is now given by the evaluations of L at the points x1,...,xp,
that is,
Vi = [y Yo - ypr] e KP

by definition of Lj.

Computing with multiplication matrices. Working in a finite-dimensional module
M = K[X]|™™ /N with a known <-monomial basis £ = {g;,1 <4 < D}, one can rely on
linear algebra to perform operations in M. When it comes to multiplying polynomials
in this quotient N, one may then pre-compute some specific multiplications to speed-up
further operations.

One possibility is to compute the multiplication table of M, that is, all products
{ei€;,1 < 1,7 < D} |BPRO6, Section 12.2]|. This table is used for example in the main
results of [BSS03]. If we do not take into account some possible structure of these products,
this table is represented using about D? field elements.

23



Chapter 1. Generating sets of modules over polynomial rings

Often, like in the context of algorithms for the change of monomial order, one rather
pre-computes the multiplication matrices My, ..., M, with respect to Xi,..., X, and &.
As detailed above, the row j of My, contains the coeflicients of nf.(Xye;) in €. Then, a
dense representation of these matrices uses rD? field elements, which is significantly less
than D? in the interesting cases, where it is usually considered that r € o(D).

Similarly, for our problems, we will rely on the knowledge of multiplication matrices.
In univariate contexts, we will focus on the design of efficient algorithms both for a dense
multiplication matrix and for structured ones, namely, when it is block-diagonal with
Jordan or companion blocks. In multivariate contexts, we will always consider that the
multiplication matrices are arbitrary, dense, pairwise commuting matrices. Then, we will
alm at cost bounds in O7(rD*), which is close to the number of field elements in the
representation these matrices.
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Fast computation of relation bases

In this chapter, we first present the central problem in this thesis, which asks to compute
generating sets for modules of relations, also known as syzygies, among elements of a
finite-dimensional module given through its multiplication matrices. Then, we give an
overview of our algorithm to solve this problem using fast linear algebra over K, and how
it can be used to perform fast change of monomial order for zero-dimensional ideals.

After this general solution, we focus on specific situations, with a single multiplication
matrix which exhibits some structure. Those include the computation of Hermite-Padé
approximants, of some type of vector interpolants, and more generally of solutions to
systems of linear modular equations over K[X]. We detail these problems, previous work
on efficient algorithms to solve them, and our contributions. These algorithms exploit the
particularities of the multiplication matrix to design divide-and-conquer strategies which
allow us to take advantage of fast arithmetic in K[X]; at the base case of the recursion,
we rely on our solution to the general case based on fast dense linear algebra.

Some of the consequences of the results presented in this chapter will be detailed in
Chapter 3, concerning algorithms for multivariate interpolation and list-decoding (Sec-
tion 3.1), and for computing normal forms of polynomial matrices (Section 3.2).

2.1 Relations or syzygies in finite-dimensional modules

In this section, we first introduce the notion of relations between elements of a module, also
known as syzygies. Here, we focus on the case of a module which is finite-dimensional as a
vector space. Then, we detail our framework for the problem of computing such relations,
namely, we discuss the specification of the module in input of the problem. Finally, we
give a short summary of our contributions on fast algorithms to solve this problem in
general and particular cases. A more detailed overview of these contributions is given in
Sections 2.2 to 2.5, while the full algorithms and proofs can be found in Parts II to I'V.

2.1.1 Grobner bases of multivariate modules of relations

Syzygy modules. Here, as an introduction to our main problem, we discuss the notion
of syzygies and syzygy modules. For a detailed exposition the reader may refer to [Eis05];
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Chapter 2. Fast computation of relation bases

in this reference, we find the following comment.

“The use of ‘syzygy’ in this context seems to go back to Sylvester [Syl53|.
The word entered the language of modern science in the seventeenth century,
with the same astronomical meaning it had in ancient Greek: the conjunction
or opposition of heavenly bodies.”

The Sylvester matrix was also introduced in [Syl53|; a generalized form of this matrix will
be central in our algorithm to compute syzygies.

Let K[X] = K[X7,...,X,] and let M be a K[X]-module. We are interested in the
computation of relations between elements of M, also known as syzygies. Formally, given
some elements fi,..., f,, € M we define

Syzpa(fr - fm) = {1, pm) €KXT™ [ prfr 4o + pmfm = 0}

note that these relations hold in M. This set is a K[X]-submodule of K[X|™ which is
called the syzygy module of {fi,..., fin}. Equivalently, Syz,,(f1,..., fm) can be defined
as the kernel of the module morphism

Q: KX]™ — M
(P1,--,pm) = pifi+ + DS

As a consequence, the quotient K[X|™/Syz(f1, ..., fm) is isomorphic to ¢(K[X]™).

Our main problem is to compute generating sets of such modules of relations. We first
give it in an abstract form, voluntarily overlooking the details of how the input module
and polynomials are represented so as to cover the whole generality of the question. We
will then discuss these details below.

Problem 1 — Grébner basis of a syzygy module
Input:

e a K[Xy,...,X,]-module M,

e clements fi,..., fn € M,

e a monomial order < on K[X,..., X,]™.

Output:
e a <-Grobner basis of Syz,(f1,. .., fim)-

To highlight some important specific cases of this problem, let us come back to some
examples that we encountered in the previous chapter.

Example 2.1. We start with univariate polynomials. For some n € Z-, let M = K[X]"
and consider elements f; = (fi1,..., fin) € M for 1 <i < m. Then, Syz,(fi,..., fm) is
precisely the kernel of the polynomial matrix F = [fi;]1<i<m.1<j<n € K[X]™7™. #

Fxample 2.2. Concerning Hermite-Padé approximation as in Example 1.5, we have M =
K[X]/(XP) and polynomials (fi,..., fm) € M™, and we look for relations in

Syz./\/l(flaw-afm) - {(pla'-~7pm) € K[X]m |p1f1+"'+pmfm :O}
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2.1. Relations or syzygies in finite-dimensional modules

More generally, in the preamble we considered the same relations in M = K[X]/(m), that
is, modulo an arbitrary nonzero polynomial m € K[X]. #

Ezxample 2.3. Now, we turn to the multivariate polynomial ring K[ X] = K[X7,..., X,].
Let Z be a zero-dimensional ideal in K[X | and M = K[X]/Z. Then, taking m = 1 and
fi=1¢& M, we have

Syzp(1) ={p eK[X] [ pl =0} ={peK[X]|[pel} =T

Thus, Problem 1 includes the problem of computing a <-Groébner basis of Z, having as
input a convenient representation of K[X]/Z and a monomial order <.

In Example 1.32, we were given M as above and an element ¢ € M. We then
considered the module

{(p1,p2) € K[X]? | p1 + pag = 0},
which is Syz,,(1, g). #

In the last two examples, we work with an input module M which is finite-dimensional
as a K-vector space. Then, as explained in Section 1.3.5, it is customary to adopt linear
algebra point of view via the use of multiplication matrices. This leads us to specifying
Problem 1 with these matrices known as an input; this is the central problem in this
thesis, which we detail in the next paragraph.

Relations in finite-dimensional modules. In what follows, we assume that M has
finite dimension D as a K-vector space. Then, choosing a vector space basis £ of M allows
us to identify M with KP. Furthermore, we denote by My, ..., M, the multiplication
matrices with respect to this basis £; we recall that they are pairwise commuting.

From the discussion in Section 1.3.5, the data formed by this basis and these matrices
completely define the input module M of Problem 1, and thus can be used to represent it.
Indeed, the module structure of M is as follows: for p € K[X], and for f € M represented
by the vector f € K'*P of its coefficients on the basis &, the coefficients of pf € M on
the basis € are f p(My, ..., M,) € K*P; in what follows, this vector is denoted by p - f.

Following this K-linear algebra point of view, we will assume that the input elements
fi,--., fm € M are known through the vectors f;, ..., £, € K> of their coefficients on
the basis £. In this context, syzygy modules can be described as follows.

Definition 2.4. For some D € Z-q, let M = (My,...,M,) be pairwise commuting
matrices in KP*P and let F € K™P. Denoting by F1.,...,Fp. the rows of F, for any
polynomial p = (p1,...,pm) € K[X]"™ we write p-F = p; - Fro+ -+ pp-Frpw € KXP.
Then, we define the set

Syzm(F) = {p € K[X]"™" | p- F =0}, (2.1)
whose elements are called relations of Syzy (F).

The correspondence between Syzy,(F) and Syz(fi, ..., fm) directly follows from the
discussion above. Furthermore, we have seen that the quotient K[ X '™ /Syz v ,(f1,-- -, fm)
is isomorphic to a submodule of M, hence the next result.
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Chapter 2. Fast computation of relation bases

Lemma 2.5. Syzy;(F) is a K[X]-submodule of K[X]|'**™  and the dimension of the quo-
tient module K[ X "™/ Syzy(F) as a K-vector space is at most D.

Remark 2.6. Concerning terminology, in the specific case of m = 1, one would equivalently

(L

say that the ideal Syzy;(F) is zero-dimensional and of degree at most D. -

In many situations, one wants to compute a generating set of this module which has
good properties, such as a Grobner basis. For a given monomial order < over K[X]!*™
a set of polynomials in K[X "™ is said to be a <-Grébner relation basis of Syzy, (F) if it
is a <-Grobner basis of the module Syzy,(F).

The central problem in this thesis, in the multivariate case, is the following.

Problem 2 — Grébner relation basis

Input:
e pairwise commuting matrices M = (M, ..., M,) in KP*P,
e a matrix F € K™*P,
e a monomial order < on K[X7,..., X,|™.

Output:
e a <-Grobner relation basis of Syzy(F).

To reduce an instance of Problem 1 for a finite-dimensional module M to an instance
of Problem 2, one needs to compute a vector space basis of M, the corresponding multi-
plication matrices, and the coefficients of the input elements of M on this basis.

For an example where the multiplication matrices are not known a priori, one may
consider the problem of change of monomial order. Interestingly, the most efficient algo-
rithms for this problem do compute the multiplication matrices and use them to obtain
the sought Grobner basis as a solution to an instance of Problem 2 [FGLM93, FGHR13|.
We give more details about this specific problem in Section 2.2.3 and Chapter 5.

Interpolation and relations in a module given by a dual basis. Another situation
where the multiplication matrices are not known a priori is when considering multivariate
interpolation as in Example 1.30, and more generally, when the module M is described
by a dual basis. We give below the basic tools that we will use concerning this duality;
more details can be found in [MMMO93] and [Mor09].

Let K[ X] =K[Xy,...,X,] and n € Zy. In what follows, we call linear functional on
K[X]™ any morphism ¢ : K[ X]" — K of K-vector spaces. Then, let

{6, K[X]" > K, 1 <i< D}

be a set of such linear functionals that are furthermore K-linearly independent. Defining
the morphism

v KX]" —
[ (Glf),-- Io(f)),



2.1. Relations or syzygies in finite-dimensional modules

of K-vector spaces, we denote its kernel by

Then, the quotient K[X]"/ ker(¢) is isomorphic to ¢(K[X]") = KP, so that ker()) is
a K-vector space of finite codimension D. However ker(7) is not a K[X]-submodule of
K[X]™ in general, and we have the following characterization:

ker(¢)) is a K[ X ]-module
<= for all 7, k, the functional f +— ¢;(Xyf) is a K-linear combination of {¢,...,¢p}.

For a proof, we refer the reader to [MMM93, Proposition 1.3]. Thus, in this case, we
can consider the module M = K[X]"/ ker(¢)); as a vector space, it has dimension D and
admits {¢1,...,¢p} as a basis of its dual.

Having a description of M provided by {/¢1,...,¢p}, we may consider the computa-
tion of Grobner bases of syzygy modules as in Problem 1. Here, to match this repre-
sentation of M, the input elements fi,..., f,, € M are given through their evaluations
{(f1),...,¥(fm)} by the linear functionals, which form m vectors in KP. This specific
case of Problem 1 is summarized in Problem 3.

Problem 3 — Grobner basis of a syzygy module defined by a dual basis

Input:
e linear functionals {¢; : K[Xy,..., X,|" = K, 1 <i < D},
e vectors fi,...,f, in K,
e a monomial order < on K[X7,..., X,]™.

Assumptions:

o {/y,...,lp} are K-linearly independent,
o for all i and k, f — (;(Xyf) is a K-linear combination of {¢,...,¢p}.

Output:
e a <-Grobner basis of the submodule

SyZM(fh ey fm) g K[Xl, e ,Xr]m,

where f; is the unique element of K[X1, ..., X,|"/ NMi<j<p ker(¢;) such

This problem can be reduced to Problem 2 via the computation of the multiplication
matrices for M. In this context, these can be described as follows: the multiplication
matrix My, for X}, is the matrix in KP*? whose row i € {1,..., D} is formed by the coef-
ficients of the linear combination which expresses f +— ¢;(Xf) on the basis {¢,...,¢p}.

The cost of this reduction from Problem 3 to Problem 2 will depend on how efficiently
we can compute these multiplication matrices. As we have seen in Section 1.3.5, in some
situations we have explicit formulas which allow fast computation of these matrices.
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Chapter 2. Fast computation of relation bases

2.1.2 Univariate case: minimal relation bases

Here, we specialize the above notions to the case of univariate modules and the associated
terminology. For D € Z-g, having a matrix M € KP*P allows us to define a K[X]-
module structure on M = K>P by p.f = fp(M), for p € K[X] and f € M. As
above, for F € K™*P and a row vector p = [pi1,...,pm] € K[X]*™, we write p- F =
p1-Fiot+ - 4pn-Fn. € K*P If p-F = 0, then we say that p is a relation of Syzy,(F).

This general notion of univariate relations was studied in [BLO0] in the context of
rational interpolation (for computational reasons, in this reference it is required that M
be upper triangular). Let us now show how some examples in the previous chapter cast
into this setting.

Example 2.7. In Example 1.5, this is straightforward: F contains the coefficients of the

input polynomials f1, ..., f,,, while the multiplication matrix is the upper shift matrix
0 1
Z—| ], 2.9
01 (2.2)
0

which is a nilpotent Jordan block. More generally, if the modulus X? in this example is
replaced by an arbitrary monic polynomial m = co + ¢, X + -+ 4+ cp_1 XP~1 + X, then
F' is built similarly while the multiplication matrix is the companion matrix

0 1
—C¢ —C€ -+ —Cp-1
Now, note that Example 1.4 is a bivariate problem that has been linearized into a problem

in K[X]"™ by requiring that the solutions satisfy degy (Q)) < m. Here, we consider the
diagonal multiplication matrix

X1
X2

D

Then, for a polynomial p € K[X] and a vector f = [eq, ..., ep] € M which is thought of as
the evaluations of some bivariate polynomial at the points {(z1,v1), ..., (zp,yp)}, we have
p-f=[p(z1)er,...,p(zp)ep]. In this case, to solve the bivariate interpolation problem,
we start from the tuple of bivariate polynomials (1,Y,..., Y™ 1): their evaluations F =
(f1,...,f,) in M™ are the vectors f; = [y¢,...,y5]. Then, for p = [pi1,...,pm], the
relation p - F = 0 precisely means that Q(X,Y) = p; + p2Y + -+ + p,, Y™ ! vanishes at
all points {(x1,41),...,(xp,yp)} #
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2.1. Relations or syzygies in finite-dimensional modules

The main results in this thesis about the computation of univariate relations deal with
several situations which generalize these examples; each situation gives access to different
techniques and leads to different algorithms. The first one holds in the general case with
no assumption on M; it is used in particular in all other situations when D is small with
respect to m, thus providing a fast unified solution in this case. The second result requires
that M be block-diagonal with companion blocks, which roughly amounts to knowing the
invariant factors of the module M. The third one assumes that M is a Jordan matrix, and
the fourth one that M is a nilpotent Jordan matrix; these both mean that the invariant
factors of M split over K and that we further know their roots and multiplicities.

Let us come back to our general context. As we have seen above, for M € KP*P
F € K™*P | the set of relations

Syzpm(F) = {p € K[X]"" | p-F =0}

is a K[ X]-submodule of K[X]'*™. Furthermore, Syzy;(F) contains my (X )K[X]*™, where
mm € K[X] is any nonzero polynomial which annihilates M. Then, Syzy(F) is free of
rank m according to Lemma 1.1, hence the following definition.

Definition 2.8 (Relation basis). For M € KP*P and F € K™*P | a matriz P € K[X]™*™
is a relation basis of Syzy(F) if its rows form a basis of the K[X]-module Syzy;(F).

and

In terms of notation, if a matrix P € K[X]**™ has rows py, ..., P, we write P-F for
the matrix in K**P whose rows are p; - F,...,ps - F. In particular, if K = m and P is a
relation basis of Syzy;(F), then P - F = 0.

In many situations, one wants to compute a relation with degree constraints; in fact, as
we will observe in the next sections when discussing previous work, most known algorithms
for finding univariate relations compute a relation basis in shifted reduced form.

Definition 2.9 (Shifted minimal relation basis). Let M € KP*P F € K™*P ands € Z™.
Then, a matriz P € K[X|™*™ is said to be an s-minimal relation basis of Syzy;(F) if

o P is a relation basis of Syzy(F), and

o P is s-reduced.

From Chapter 1, we know that a row of P of minimal s-row degree also has minimal
s-row degree among all relations of Syzy,(F); furthermore, there is a unique relation basis
which is in s-Popov form, called the s-Popov relation basis of Syzy(F).

This leads us to Problem 4, which is the central problem of this thesis in univariate
contexts.

We state here a preliminary result which is at the core of the cost analyses of algorithms
solving Problem 4. It gives the bound D on the degree of the determinant of any relation
basis, which as explained in Section 1.2.2 also provides us with bounds for average row
(resp. column) degrees of shifted minimal (resp. Popov) relation bases.

Lemma 2.10. Let M € KP*P  let F € M™, and let P € K[X]™™ be a relation basis of
Syzm(F). Then, deg(det(P)) < D.

Proof. From the discussion following Definition 1.22, we know that deg(det(P)) is the
dimension of K[X]"*™/Syz\;(F) as a K-vector space. According to Lemma 2.5, this
dimension is at most D. »
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Problem 4 — Minimal relation basis
Input:
e a matrix M € KP*P,

e a matrix F € K™*P,
e a shift s € Z™.

Output:
e an s-minimal relation basis P € K[X|"™*™ for Syzy,(F).

2.1.3 Overview of our results

We present in Section 2.2 our algorithm to deal with the most general case of our main
problem: Problem 2 with arbitrary multiplication matrices and monomial order. Detailed
in Chapter 4, this algorithm relies on a complete linearization of the problem, the main
computational task being to find the row rank profile of some structured matrix called
a multi- Krylov matriz. Exploiting several techniques from fast linear algebra over K, it
computes the reduced Grobner relation basis in O7(rD“) operations.

As a particular case, when working with univariate polynomials, this algorithm com-
putes the shifted Popov relation basis in O (D*) field operations for an arbitrary multi-
plication matrix and an arbitrary shift. In many univariate contexts, one has information
on the structure of the input module, which translates as M having some particular struc-
ture, such as these observed in Example 2.7. Then, focusing on the univariate case, we
will present in Sections 2.3 to 2.5 algorithms that solve Problem 4 for several families of
multiplication matrices M. These algorithms all rely on the general algorithm in O7(D%)
for the base cases of their recursion.

Concerning the case of a nilpotent Jordan matriz M (Section 2.4 and Chapter 7), the
corresponding relation bases are also known as approximant bases or order bases. In this
context, a product of the form P - F is simply a product of polynomial matrices. We
obtain the cost bound O"(m“~'D) for computing the shifted Popov basis for arbitrary
shifts, while this cost was previously obtained under restrictive assumptions on the shift
and for returning a minimal basis which was not normalized. This improvement is based
on the strategy mentioned in Section 1.2.1: we first recursively find information on the
degrees in the shifted Popov basis, and then use this additional knowledge to rely on fast
algorithms specialized for almost uniform shifts.

Then, we turn to the case of a Jordan matriz M (Section 2.4 and Chapter 14). For
this specific triangular form, which can be represented by O(D) field elements, we manage
to design an efficient algorithm for computing products P - F. Using the above-mentioned
divide-and-conquer approach along with a new ingredient to control the degrees in the
recursion, namely a fast change of shift, we obtain an algorithm in O™ (m“~!D) to compute
a minimal basis for almost uniform shifts. Building on this, we obtain a similarly fast
algorithm which returns the shifted Popov basis for an arbitrary shift.

Finally, we study the case of a companion-block diagonal matrix M (Section 2.5
and Chapter 8), which has only O(D) nonzero coefficients in K as well. We will re-
late this to the computation of bases of solutions to systems of linear modular equations;
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2.2. Fast algorithms for dense multiplication matrices

as such, this situation generalizes the previous case of a Jordan matrix. We also obtain
the cost bound O°(m“~'D) for an arbitrary shift and for returning the shifted Popov
basis, under the assumption that the number of blocks is in O(m); furthermore, this as-
sumption implies that there is a simple and efficient algorithm to compute products of
the form P - F. However, since M is not triangular we do not have recurrence equations
that would lead to an iterative algorithm such as those in [Bec92, VBB92, BL.94, BL0O0].
Then, relying on kernel basis and approximant basis computations is a natural approach
that we use in our algorithm, while also introducing a new ingredient to handle arbitrary
shifts.

Remark 2.11. More generally, having M upper triangular like in [BLO0O| leads to a situation
which bears computational similarities to that of a nilpotent Jordan matrix. Precisely,
it provides us with recurrence equations [BL0O, Theorem 6.1] which yield an iterative
algorithm [BLO0O, Algorithm FFFG], recalled here in Section 6.4. This iteration can be
turned into a divide-and-conquer algorithm, for example using the leading and trailing
principal submatrices of M for the recursive calls.

For approximation problems, such iterative algorithms have been given in [Bec92,
VBB92, BL94|, and more specifically for approximant basis computation such divide-
and-conquer algorithms can be found in [BL94, GJV03|. Yet, for an arbitrary triangular
M, we cannot obtain an algorithm with cost quasi-linear in D as simply representing M
requires ©(D?) coefficients in K; in this case, the fastest known approach is our algorithm

L

in O7(D¥) for a dense matrix M, thus ignoring its triangular shape. *

2.2 Fast algorithms for dense multiplication matrices

Here, we give a detailed overview of our most general result, concerning the computation
of multivariate relation bases (Problem 2). In this case, for r variables and an input
module of vector space dimension D, we obtain a deterministic algorithm whose cost
is essentially that of performing fast linear algebra operations with r scalar matrices of
dimensions D x D. Here, we detail this result in the univariate and multivariate cases,
we compare it to previous work, and we give an overview of our algorithm.

2.2.1 Results

Univariate case. We start with the case of one variable, that is, Problem 4. Here, we
have a single multiplication matrix M € KP*P. Our algorithm performs an iteration on
the degree of the sought relations, up to a specified degree bound 3 that we discuss in the
next paragraph. In our framework, multiplication of a scalar vector by X corresponds
to its multiplication by M, and as a consequence the main computational task in our
algorithm is to compute powers of M. With an idea already used in [KG85|, we restrict
to computing powers of the form M?*, for e between 0 and log,(min(3, A + 1)).

This number of steps is parameterized by two integers. First, 8 € Z+ is a user-chosen
bound on the degree of the sought s-Popov relation basis P for Syzy,(F). If we denote
by 6 = (d1,...,0,) the diagonal degrees of P, we equivalently require that 8 > max(4).
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Remark however that é is unknown a priori; if no context-specific bound S is known, one
may always choose = D + 1 since

max(8) < 6; + -+ + 6, = deg(det(P)) < D

according to Lemma 2.10. Besides, any bound on the degree of the minimal polynomial
of M also provides a valid bound £.

The second parameter is the quantity A = é; + - - - + d,,,, which is the dimension of
K[X "™/ Syzp (F) as a K-vector space (see Section 1.1.3) and is unknown a priori. If no
good bound f is known, the algorithm will still stop after dealing with the power A of
M by detecting that no relations of higher degree will be found, which is the case since
deg(P) < deg(det(P)) = A.

The next result follows from Section 4.3.2, and in particular Algorithm 3.

Theorem 2.12. Let M € KP*P F € K™P ands € Z™. Let P € K[X|™™ be the s-
Popouv relation basis of Syzy(F), and let A = deg(det(P)). Suppose that a bound € Zsy
such that § > deg(P) is known a priori; by default, one may choose 5 = D + 1. Then,
there is a deterministic algorithm which solves Problem j using

O(mD“~" + D*log(min(5, A + 1)))
C O(mD*~' 4 D*log(D))

operations in K and returns the s-Popov basis P.

This cost can be compared to the size of the manipulated objects: here, representing
the input of the problem uses ©(mD+ D?) field elements. It may however strike the reader
that when D = O(1), the cost bound above is linear in m while the dense representation
of the output m x m polynomial matrix will use at least m? field elements. To explain
this, we refer to Section 4.3: we will see that when D < m, at least m — D columns of
the basis in s-Popov form are coordinate column vectors with 1 on the diagonal. In the
algorithm, these columns are described without involving any arithmetic operation, and
hence the actual computation is restricted to an m x D submatrix of the output basis.

In this thesis, we will often use this result for the base case of our recursive algorithms
for multiplication matrices that have specific structures. In this situation, the dimension
D will be between m /2 and m, and therefore the cost bound above becomes O(m* log(m)).

An overview of results related to Problem 4 can be found in [Kai80, Chapter 6];
algorithms based on Gaussian elimination are presented for the Hermite and Popov forms.
In [Vil96, Section 4], the Hermite form of a matrix in Popov form is computed by relying
on an instance of Problem 4, using ideas from [KG85| for more efficiency.

In the context of rational interpolation, Problem 4 was considered for arbitrary shifts
in [BLOO|, focusing on the design of a fraction-free algorithm for an upper triangular
multiplication matrix M. As explained in Remark 2.11, this assumption implies that one
can use recurrence equations which leads to find the shifted Popov relation basis via an
iteration on the columns of F [BL0O, Algorithm FFFG].

In Section 6.4, we present the latter algorithm rewritten with our notation, and we
observe that for an arbitrary triangular matrix, it uses O(mD?+ D?) field operations. As a
comparison, our algorithm supporting Theorem 2.12 is faster as soon as one uses subcubic
matrix multiplication (w < 3), and works for non-triangular multiplication matrices.
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2.2. Fast algorithms for dense multiplication matrices

Multivariate case. When working with several variables, we have several correspond-
ing multiplication matrices My, ..., M,. Our algorithm to solve Problem 2 deals with one
multiplication matrix after another, allowing us to rely on an approach that is similar to
that above for the univariate case. This also helps us to introduce fast matrix multipli-
cation, by avoiding the computation of many vector-matrix products involving each time
a different matrix M, and instead grouping these operations into some matrix-matrix
products involving M, then some others involving M, etc.

A detailed overview of our algorithm is given in Section 2.2.2. Its most expensive
computational task is to repeatedly square D x D matrices. As above, the number of
such squarings will depend on the dimension A € Z of the quotient K[X ™/ Syzy,(F),
as well as on degree bounds 8 = (f1, ..., f,) € ZL, specified by the user and which satisfy
the assumption

Hp: Br> maxdegy, (p;) for 1 <k <,
1<j<s
where {p1,...,ps} C K[X]"™ is the sought <-reduced Grobner relation basis of Syzy (F).
Since A < D according to Lemma 2.5, the choice 8 = (D +1,...,D + 1) ensures Hg.
The following result follows from Proposition 4.19 and the corresponding Algorithm 4.

Theorem 2.13. Let M = (My,...,M,) be pairwise commuting matrices in KP*P  let
F € K™D et < be a monomial order on K[ X|"*™, and let B € 7", be such that Hg; by
default, one may choose B = (D+1,...,D+1). Then, there is a deterministic algorithm
which solves Problem 2 using

(’)(mD“’1 + D% log(QTHKKT min (B, A + 1)))
C O(mD“~" +rD*log(D))

operations in K and returns the <-reduced Grébner basis. In this cost bound, A € Zx
stands for the dimension of K[X]'™/ Syzy(F) as a K-vector space.

This cost bound can be compared to the size of the representation of the input and
output of the problem. The size of the input matrices M and F is in ©(mD + rD?). The
output reduced Grébner basis can be represented via s vectors in K2, each of them giving
the coefficients of the normal form of one of the minimal generators of the initial module
of Syzy;(F). Then, representing this Grobner basis uses O(sA) C O(rD?) field elements.

Commonly encountered situations involve m < D. In this case, mD“~t € O(D*)
and the cost bound can be simplified as O(rD“log(D)). A typical example is if one
uses this result to perform a change of monomial order for an ideal, via the preliminary
computation of the multiplication matrices: then, we have m = 1.

2.2.2 Overview of our algorithm

Linear algebra viewpoint. To introduce matrix multiplication in our solution to Prob-
lem 2, we rely on a linearization of the problem into questions of linear algebra over K.
From M and F, we build a matrix over K whose nullspace corresponds to a set of rela-
tions of Syzyg(F'). This matrix is called a multi-Krylov matriz, in reference to its specific
structure which exhibits a collection of Krylov subspaces of KP?.
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The multi-Krylov matrix is a generalization to several variables and to an arbitrary
monomial order of the Krylov matrices, or striped-Krylov matrices, considered for example
in [Kai80, BL00]. We note that its construction is similar to the Sylvester matrix and
more generally to the Macaulay matrix [Syl53, Mac02, Mac16]|, which are commonly used
when adopting a linear algebra viewpoint while dealing with operations on univariate and
multivariate polynomials.

The construction of the multi-Krylov matrix is based on the multiplication X°c;-F =
F;.M¢ for a monomial X°c; € K[X]'™™. Since a polynomial in K[X]|™*™ is a K-
linear combination of monomials, this identity means that a relation of Syzy,(F) may be
interpreted as a K-linear relation between row vectors of the form F; ,M®.

Choosing some degree bounds 8 € ZZ ), this matrix is formed by all such rows F; ,IM*
for 1 <i<m and 0 < e < 3. This construction is detailed in Section 4.1, where we also
show that the left nullspace of this matrix corresponds to the set of relations of Syzy,(F)
whose degree in X}, does not exceed [y, for 1 < k < 7.

Choosing sufficiently large bounds 8 (namely, ones that satisfy Hg) implies that the
<-reduced Grobner relation basis can be retrieved from specific rows in this nullspace;
yet, we do not know which rows a priori. Ordering the rows in the multi-Krylov matrix
according to the input monomial order <, we show in Section 4.2 that the row rank profile
of this matrix corresponds to the <-monomial basis of the quotient K[X]'*™/ Syzy,(F).

As explained in Section 1.3.5, from the monomial basis one can easily find the set of
minimal generators for the initial module of Syzy,(F). Being monomials, these generators
thus indicate a submatrix of the multi-Krylov matrix; the left nullspace of this submatrix,
computed in reduced echelon form, gives us the <-reduced Grobner relation basis.

Previous work. In terms of computation, an immediate remark is that the number of
field entries of the multi-Krylov matrix is mg; - - - 8,D € O(mD"1), which largely exceeds
our target cost. Exploiting the structure of this matrix is therefore a common thread in
all efficient algorithms.

As noted above, the algorithms in [BLOO| are designed for upper triangular multiplica-
tion matrices, and use this assumption to solve the problem by an iteration on the columns
of F. This situation was generalized to the case of several variables in [Fit97, OF02| by
requiring specific assumptions on the input, in [Fit97, Eqn. (4.1)] and [OF02, Eqn. (5)].
These assumptions imply that one can solve the problem by finding iteratively Grobner
bases for a sequence of approximating solution modules which decrease towards the target
solution module (see [Fit97, Algorithm 4.7] and [OF02, Algorithm 3.2]). It seems that
such an iterative approach cannot be applied to the general case of Problem 2, where the
input module has no other property than being finite-dimensional.

Previous algorithms dealing with similar problems can be found in [FGLM93, MMM93]
and [Fit97, Section 2|. The algorithms of [FGLM93, Fit97] are specialized to the situation
of the change of monomial order for ideals or modules, with a cost bound in O(rD?). In
[MMMO93], several situations generalizing [MB82, FGLM93| are studied; the comparison
to our result is unclear for the moment.

For the lexicographic order <., and under the strong assumption that the ideal is
in Shape Position, fast matrix multiplication was exploited by [FGHR14|. This specific
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situation implies that only M, is needed; then, [FGHRI14| gives a probabilistic algo-
rithm to compute the <jex-Grobner relation basis within the cost bound O(D* log(D) +
rM(D)log(D)) ([FGHR14, Proposition 3|). Besides ideas from [FM11, FM17], this uses
repeating squaring as in [KG85|. More details about the context of the change of mono-
mial order are given in Section 2.2.3.

Here, we manage to incorporate fast scalar matrix multiplication without assumption
on the module, and for an arbitrary order.

Overview of our algorithm. Above, we described our algorithm as a two-step strat-
egy, where we first compute the row rank profile of the multi-Krylov matrix to obtain the
monomial basis, and we then use this information to identify a specific submatrix whose
left nullspace gives us the Grobner relation basis.

Let us first focus on the computation of the row rank profile. Adapting the ideas in
the algorithms of [FGLM93, MMM93, Fit97] to our framework, one obtains an approach
that we summarize as follows. One iteratively considers the rows of the matrix, ordered
by the monomial order <, looking for a linear relation with the previous rows by Gaussian
elimination. When such a linear relation is found, the corresponding row will not be in the
row rank profile and can be discarded. Now, the multi-Krylov structure further permits
to discard all the rows that correspond to monomial multiples of the leading term of the
discovered relation, even before computing these rows. At some point, the set of rows to
be considered is exhausted, and the row rank profile is formed by the rows corresponding
to an iteration that did not yield a linear relation.

Note that, in this approach, a row of the multi-Krylov matrix is computed only when
arriving at the first iteration in which it is involved; it is obtained by multiplying one of
the already computed rows by one of the multiplication matrices. This results in many
vector-matrix products, with possibly different matrices each time: this is a first obstacle
towards incorporating fast matrix multiplication. We circumvent this by introducing the
variables one after another, thus seemingly not respecting the order of the rows specified
by the monomial order. Yet, we manage to ensure that this order is respected in the end,
by constantly inserting the rows at their right respective positions.

Then, when dealing with one variable X}, we process successive powers M7 in the
style of Keller-Gehrig’s algorithm [KG85]|, using a logarithmic number of iterations. Our
stopping criterion is either when we have reached the prescribed exponent bound f; for
Xg, or when we detect that no new relation was found in an iteration, and thus that all
the remaining rows to be inserted with this variable have to be linear combinations of
the rows already processed. The latter case occurs in particular when we are considering
exponents 2¢ beyond the dimension A of the monomial basis. As a consequence, the
number of steps is at most log,(min(fk, A + 1)), where at each step the most expensive
operation is the squaring in @(D*) to obtain M2 from M3",

As said above, we conclude by a nullspace computation. Having found the row rank
profile of the multi-Krylov matrix allows us to deduce its submatrix corresponding to
minimal generators of the initial module of Syzy;(F). Then, the reduced Grobner relation
basis is efficiently computed as being the left nullspace in some reduced echelon form of
this submatrix, which can be computed efficiently by matrix inversion and multiplication.
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2.2.3 Change of monomial order for zero-dimensional ideals

The problem of change of monomial order is a specific kind of Grobner basis computation
where one already knows a Grobner basis of the considered ideal, for another monomial
order than the target one. This is formalized in Problem 5.

Problem 5 — Change of monomial order

Input:
e monomial orders <; and <5 on K[X,..., X,],
e a <j-reduced Grébner basis {fi,..., fs} defining a zero-dimensional

ideal Z = (fy,..., fs) of K[Xq,..., X,].

Output:
e the <y-reduced Grobner basis of 7.

The main motivation for studying this problem is that it is a key component of the
current fast algorithms for finding the solutions to a given system of multivariate polyno-
mial equations. The polynomials defining these equations form an ideal Z C K[X], and
it is assumed that the number of solutions is finite, which means that the dimension of
K[X]/Z as a K-vector space is finite. For solving such a system, it turns out that it is
convenient to have a <.-Grobner basis of Z. For example, in some cases it directly yields
a univariate representation of the solutions [Rou99|, in particular if the conditions of the
Shape Lemma hold [KR00, Theorem 3.7.25].

For efficiency reasons, such a <j-Grébner basis is usually obtained by first comput-
ing a <g;-Grobner basis and then resorting to a change of monomial order toward the
lexicographic order. Concerning this problem, the fastest known algorithms [FGLM93,
FM11, FGHR13, FGHR14, FM17| rely on a two-step strategy which is summarized in
[FGHR13, Algorithm 2|. As a first step, one uses the known Grébner basis to compute
the multiplication matrices M = (Mjy, ..., M,) of the quotient K[X]/Z. Denoting by D
the dimension of this quotient, these are 7 pairwise commuting matrices in K”*?. Fur-
thermore, we remark that, defining the vector F = [1 0 --- 0] € K**? corresponding
to the monomial 1 in K[X]/Z, then Z is precisely the ideal of relations Syzy.(F) (see
Example 2.3). Thus, the second step consists in solving an instance of Problem 2 with
input M, F, and the monomial order <.

A first realization of this strategy lies in the FGLM algorithm [FGLM93|, which solves
Problem 5 in O(rD3) field operations for arbitrary orders <; and <. In our algorithm
for Problem 2, we have managed to incorporate fast linear algebra into the second step,
with a result in Theorem 2.13 which can be summarized as follows in the situation here:
once the multiplication matrices are known, one can find the <s-reduced Grobner basis
in O(rD¥log(D)) operations; in the specific case of the lexicographic order, this is done
slightly faster, in O(rD% log(D/r)) operations (see Remark 4.15).

We now present our results about incorporating fast linear algebra into the computa-
tion of the multiplication matrices (Problem 6).

To obtain a fast algorithm, we will require that K be of characteristic zero and that
the initial ideal J = inL(Z) be Borel-fixed. We give some preliminaries about Borel-fixed
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Problem 6 — Computing the multiplication matrices

Input:
e a monomial order < on K[X7,..., X,],
e a <-reduced Grébner basis {fi, ..., fs} defining a zero-
dimensional ideal Z = (fy, ..., f5) of K[Xy,..., X,].
Output:
e the multiplication matrices (My, ..., M,) of the variables

in K[X7,...,X,]/Z with respect to its <-monomial basis.

ideals in Section 5.1; here, we simply mention a theorem of Galligo and Bayer-Stillman

which implies that for an order < which refines the degree, the generic initial ideal of Z
is Borel-fixed [Eis95, Theorem 15.20].

Theorem 2.14. Assuming that K is a field of characteristic 0, and that inL(Z) is Borel-
fized, there is a deterministic algorithm which solves Problem 6 using O(rD*log(D))
operations in K.

For more details, we refer the reader to Proposition 5.7 and Algorithm 7. This leads
to the following result concerning the change of monomial order.

Corollary 2.15. With the notations in Problem 5, assuming that K s a field of charac-
teristic 0, and that inL(Z) is Borel-fized, there is a deterministic algorithm which solves
Problem 5 using O(rD*log(D)) operations in K.

As mentioned above, for polynomial system solving an interesting particular case is
that of <; being the degree-reverse lexicographic order and <, being the lexicographic
order. Fast algorithms for this case have been studied in [FGHR14].

In this reference, it is assumed that the ideal Z is in Shape Position. In this context,
one does not need to compute all multiplication matrices for the change of monomial
order: the matrix M, suffices. A first result in [FGHR14] is that, under the Moreno-
Socias conjecture [MS91, MS03a| and in the case of a generic ideal, the matrix M, can
be read off from the given <g4,;-Groébner basis. Then, a second result in this reference
states that this holds more generally up to a random linear change of coordinates. To
prove this, [FGHR14| uses a property of Borel-fixedness of the <g,-initial ideal of Z (see
Section 5.1 for more details). Here, we elaborate over this to efficiently compute all the
multiplication matrices when this property is satisfied; concerning the change of monomial
order, this allows us to also incorporate matrix multiplication for ideals which are not in
Shape Position.

In [FGHR13|, an algorithm is designed to compute the multiplication matrices from a
<ar-Grobner basis in O(Sr* D¥), where [ is the maximum total degree of the elements of
the input Grobner basis. This is obtained by iterating over the total degree: the normal
forms of all monomials of the same degree are dealt with using only one call to Gaussian
elimination. While this does not require an assumption on the initial ideal, it is unclear
to us how to remove the dependency in [ in general.
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In [FM11, FM17|, the authors give faster, probabilistic algorithms for the change of
order by means of sparse linear algebra. They do not consider the computation of the
multiplication matrices, which are assumed to be known. This approach is not studied in
this document, since we do not make any assumption on the multiplication matrices and
thus we represent them as dense matrices. For the sake of comparison, we still summarize
this approach below; we note however that the cost bounds related to it or the assumptions
that one should require to ensure correctness are not clear to us for the moment.

Noticing that the multiplication matrices arising in actual computations are often
sparse, [FM11, FM17| tackle Problem 2 from a point of view similar to the Wiedemann
algorithm. Choosing some linear functionals to evaluate the monomials in K[X]/Z allows
one to build a multi-dimensional recurrent sequence which admits Z as its ideal of relations
(this is only true for some type of ideals 7). In terms of the multi-Krylov matrices we are
considering in Chapter 4 concerning Problem 2, this is similar to introducing an additional
projection on the right of the multiplication matrices to take advantage of the sparsity
by using a black-box point of view. Then, recovering a <..-Grobner basis of this ideal of
relations can be done via the Berlekamp-Massey-Sakata algorithm [Sak90], or the recent
improvements in [BBF15, BBF17, BF16].

2.3 Multiplication matrix in nilpotent Jordan form

We now consider the specific case of Problem 4 for a multiplication matrix M = Z which
is block diagonal with nilpotent Jordan blocks, that is, Z = diag(Z,,...,Z,) € KP*P
with

7. — € KPixDi
' 0 1

0

forl1<i<n,and D = D;+---+ D,. We first give an explicit link between this situation
and a generalized form of Hermite-Padé approximation.

2.3.1 Link with minimal approximant bases

We are going to show that finding relation bases for such multiplication matrices corre-
sponds to computing shifted minimal approximant bases, which are also known as o-bases
or order bases [VBB91, BL94, GJV03, ZL12|, and which we specify now in Problem 7.

Hereafter, an element of the module Syzp(F) in Problem 7 is called an approzimant
of Syzp(F), and a basis of this module is called an approzimant basis of Syzp(F).

We now detail the link between Problem 7 and Problem 4 for a multiplication matrix
Z = diag(Z,...,7Z,) as above. We first note that this particular case of Problem 4 is of
special interest: it is at the core of almost all fast algorithms for operations on polynomial
matrices. Furthermore, the two other particular cases of Problem 4 that we study in this
thesis, and which are presented in Sections 2.4 and 2.5, are two different generalizations of
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Problem 7 — Minimal approzimant basis
Input:
e positive integers D = (D, ..., D,,) € ZZ,,
e matrix F in K[X]™*" with cdeg(F) < D,
e shift s € Z™.

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

Syzp(F) = {p € K[X]"*™ | pF.; = 0 mod XPifor 1 <j<n},

o P is s-reduced.

Problem 7, where each nilpotent Jordan block is replaced either with an arbitrary Jordan
matrix or with a companion matrix.

Since D = Dy +---+ D,,, one may identify M = K? with the product of residue class
rings

F=K[X]/(XP) x -+ x K[X]/(XP),

by mapping a vector f = (f1,..., f,) € F to the vector e € M made from the concate-
nation of the coefficient vectors of fi,..., f,. Over F, the K[X]-module structure on M
given by p-e = ep(Z) becomes

p-f=(pfimod XP* ... pf, mod XPn).

More generally, let p € K[X]|'*™ be a polynomial vector and let E € K™*P whose rows
are denoted by ey, ..., e, € M. By the aforementioned correspondence between M and
F, we associate with E the matrix F € K[X]™*" whose rows are f;,....f,, € F. Then
the product p - E is the truncated polynomial matrix product pF, where the column j is
taken modulo XPi. As a consequence, the relation p; - €; + -+ + p, - €, = 0 precisely
means that pF.; = 0 mod X5 for 1 < j < n.

Thus, we have that a row vector in K[X]"*™ is a relation of (Z, E) if and only if it is
an approximant of Syzp(F'), hence the link with Problem 4.

2.3.2 Overview of previous work

The parameter D = D; + --- 4+ D,,, which is the dimension of the input module M as a
K-vector space, is central in the cost bounds of algorithms which solve this problem (see
Lemma 2.10 and Section 1.2.2).

First algorithms for Problem 7 with a cost quadratic in D were given in [Ser87, Pas87]
in the case of Hermite-Padé approximation (n = 1), assuming a type of genericity of
F and outputting a single approximant p € K[X]"*™ which satisfies some prescribed
degree constraints. For n = 1, van Barel and Bultheel have proposed in [VBB91]| an al-
gorithm which uses O(m?D?) operations to compute an s-minimal basis of approximants
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for F at order D, for any F and s. This iterative solution was then generalized by Beck-
ermann and Labahn [BL94, Algorithm FPHPS| [BL0O, Algorithm FFFG| to eventually
deal with Problem 4 for any triangular multiplication matrix. We detail Algorithm FFFG
in Section 6.4; it computes the s-Popov approximant basis in O(m.D?) operations (see Al-
gorithm 8 and Proposition 6.5). In this algorithm, computing the s-Popov basis is a key
towards a better control of the degrees in the matrices, which explains the improvement
from O(m?D?) to O(mD?).

For Dy =--- = D,, = D/n, in |BL94| the authors also propose a divide-and-conquer
algorithm using O (m®D) operations in K; the base case of the recursion deals with a
scalar column vector using Gaussian elimination. Then, Giorgi et al. [GJV03] followed a
similar divide-and-conquer approach, however introducing a base case which has matrix
dimensions m x n and solving it efficiently via fast Gaussian elimination. This leads to an
algorithm with cost bound O(m“M(D/n)log(D/n)), which reaches our target cost bound
O(m“~'D) when n € ©(m).

On the other hand, in the case of Hermite-Padé approximation (n = 1 < m) it was
noticed by Lecerf [Lec01] that the cost bound O~ (m® D) is pessimistic, at least when some
type of genericity is assumed concerning the input F, and that in this case there is hope
to achieve O"(m“~'D). This cost bound was then obtained by Storjohann [Sto06], for
computing the small degree rows of an s-minimal approximant basis. This relies on the
algorithm of [GJV03] via reducing the case of small n and order Dy = --- = D,, = D/n
to a situation with larger column dimension n’ ~ m and smaller order D' ~ D/m.

For efficiency, this reduction requires us to make either of the following assumptions
on the shift: Hs; : |s — min(s)| € O(D) and Hss : |max(s) — s| € O(D). As explained
in Section 1.2.2, these assumptions imply in particular that any s-minimal basis has size
in O(mD). Then, building upon the reduction technique of [Sto06], Zhou and Labahn
designed an algorithm to efficiently compute a full s-minimal basis [Zhol2, Z1.12].

Proposition 2.16 (|ZL12, Theorems 5.3 and 6.14]). Let d € Z~o, F € K[X]™" be of
degree less than d, ands € Z™. Let D = (d,...,d) € Z2, and D = nd. Assuming that
n<m, m < nd, and that Hsy or Hso holds, an s-minimal approzimant basis of Syzp (F)
can be computed deterministically using

O(m“M(nd/m)log(d)) = O(m*M(D/m)log(D/n))
operations in K. In this cost bound, it is assumed that M(§) € O(6*71).

In the next section we present the minimal approximant basis algorithm proposed in
this thesis, which improves upon this result in several ways. Within the same cost bound
O (m*~1D), it returns the unique approximant basis in s-Popov form and covers the
general case of Problem 7, that is, it works for arbitrary orders D and shift s.

2.3.3 Computing shifted Popov approximant bases

The next result focuses on the usual case m € O(D) and follows from Proposition 7.10
and the corresponding Algorithm 14. We recall the notation D = Dy + - -- + D,,.
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Theorem 2.17. Form € O(D), there is a deterministic algorithm which solves Problem 7
using

O(m“M(D/m)log(D/m)* + m“~*Dlog(m))
operations in K and returns the basis in s-Popov form.

The second term in this cost bound comes from the D/m leaves of the recursion. Each
of them uses m* log(m) operations, by relying on linear algebra (Section 2.2). This term
is here to account for the logarithmic factor log(m) which arises in the cost bound when D
is close to m, such as when D € ©(m) or D € ©(mlog(m)). As soon as D is significantly
larger than m, this term is negligible in front of the first one.

As said above, when D € O(m), one may rely on the fast algorithm based on linear
algebra which was presented in Section 2.2. Since in the context here the degree of the
minimal polynomial of the multiplication matrix Z = diag(Z,...,Z,) is max(D), the
s-Popov approximant basis can be computed in O(mD“~! + D* log(max(D))) operations
in K, according to Theorem 2.12.

We note that the case n < D < m was studied in [Zho12, Section 3.6], where Zhou
gives an algorithm whose announced cost bound is O7(m“~!D); however a more precise
analysis shows that the cost is O(D“"'m + D“log(D/n)) as in the previous paragraph.
However, this algorithm only works in the case of the uniform shift and identical orders
Dy=---=D,=D/n.

Coming back to m € O(D), we have seen in Proposition 2.16 that slightly faster al-
gorithms exist in the literature, with one less logarithm factor. Still, these algorithms
assume identical orders D and a shift s such that Hs 1 or Hso; besides, for most inputs,
they do not return a basis in shifted Popov form. Yet, having the shifted Popov basis
is convenient for many reasons (see Sections 1.1.3 and 1.2.2); for example, it has been
exploited in [RS16, Theorem 12|. Furthermore, there are known situations where one is
interested in dealing with arbitrary orders D = (Dy,...,D,,), for example in the com-
putation of kernel bases with information on the output degrees, as in [GS11, Section 3|
and Section 8.1. Finally, the assumptions Hg; and Hs 2 on the shift are quite restrictive;
notably, removing this assumption allows us to cover the computation of approximant
bases in Hermite form.

Overview of our algorithm. In short, our fast shifted Popov approximant basis al-
gorithm combines our strategy to find and use the s-minimal degree based on the divide-
and-conquer approach of [BL94| (see Section 1.2.1) with the partial linearization of [Sto06]
to reduce to a case where the degrees are well controlled. We now give more details.

In our fast algorithm for Problem 7, we use a slightly modified version of the algorithm
|GJV03, PM-Basis| which we present in details in Section 7.1. This is efficient in the case
of identical orders and m € O(n), and our modified version ensures that the computed
basis is in shifted ordered weak Popov form, instead of being simply s-reduced. The
advantage of an ordered weak Popov form is that it allows us to directly read the s-pivot
degrees. In Section 7.2, we use this modified [GJV03, PM-Basis| to design an algorithm
which, from an arbitrary instance of Problem 7 with n > m, computes an approximant
basis for sufficiently many of the n equations so that it essentially remains to solve an
instance of Problem 7 with n < m.
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Then, in Section 7.3, we consider solving Problem 7, and more precisely computing
the s-Popov approximant basis, when the s-minimal degree § € ZZ of Syzp(F) is known
a priori. We recall from Definition 1.22 that & corresponds to the s-pivot degree of the
s-Popov approximant basis of Syzp(F). As explained in Section 1.2.1, knowing § allows
us to rather consider the shift —¢, for which —d-minimal approximant bases have good
properties. In particular, they have column degree & and therefore size in O(mD), and
the sought s-Popov basis can be easily retrieved from any —d-minimal basis.

Thus, we focus on computing a —d-minimal approximant basis; in this case, thanks to
the knowledge of the column degree é of the output, we will be able to efficiently use the
partial linearization techniques of [Sto06|. To summarize, knowing § essentially leads us
to partially linearize the arbitrary instance of Problem 7 into an instance with identical
orders and dimensions n € ©(m). In the latter situation, the algorithm of [GJV03| can
be used to efficiently compute a shifted minimal approximant basis.

Finally, our main algorithm relies on adapting the divide-and-conquer approach of
[BL94, GJVO03] to efficiently find the s-minimal degree §. The base case of the recursion
is when D = Dy + -+ 4+ D,, € O(m): then, we can efficiently compute the s-Popov basis
via linear algebra as in Theorem 2.12, and this basis gives us . Then, when D > m,
we split the problem into two subproblems of similar size as in Example 1.27: roughly,
we deal with the lower D/2 coefficients of the input F in the first subproblem, and with
the higher D/2 coefficients in the second. Then, we recursively compute shifted Popov
approximant bases P() and P® for these subproblems.

Following [BL94, GJV03], one would then compute and return the product P@P®),
which is an s-minimal approximant basis. However, in general its degrees may be too
large for efficient computation, as we show in Example 7.5. Thus, instead of computing
this product, we rely on the item (iv) of Theorem 1.28 to deduce § as being the sum of
the diagonal degrees of P and P . Then, we compute the global s-Popov approximant
basis from scratch, using the original instance of Problem 7 along with the additional
knowledge of 4.

Remark 2.18. Here is a natural question, which is not tackled in this thesis: for identical
orders and a shift s such that Hs; or Hs 2, how to compute the s-Popov approximant basis
with a cost bound similar to that of the algorithms of [ZL12] recalled in Proposition 2.16,
that is, with only one logarithm factor?

One approach is to first compute an s-minimal approximant basis P using the algo-
rithm in [ZL12|, and then normalize it into s-Popov form using the algorithm in [SS11].
Yet, this would not lead to the desired complexity as such, since the row degrees in P
may be unbalanced, leading to a worst-case cost bound exceeding the target O™ (m“~'D).
It is not clear whether the algorithm in [SS11] can be extended to take into account the
unbalancedness of the row degrees in the input.

Another approach is to rely on the a priori knowledge of the s-minimal degree & of
Syzp (F). If § is known, then Algorithm 13 uses O(m“M(D/m)log(D/m)) operations to
compute the s-Popov basis, according to Proposition 7.9. Judging from the material in
Chapter 7, it seems reasonable to expect that with a minor modification, the algorithms
in [ZL12] would return an approximant basis P in s-ordered weak Popov form. In this
case, we would directly obtain & by reading the degrees of the diagonal entries of P. s
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2.4 Multiplication matrix in Jordan form

In this section, we deal with the case of a multiplication matrix M = J in Jordan form.
We first detail the correspondence between relations for such a multiplication matrix
and some type of interpolants. Then, we present previous work and our results on the
computation of these interpolants.

2.4.1 Link with minimal interpolant bases

Here, we show that in the context of a multiplication matrix in Jordan form, the no-
tion of relation is directly related to the notion of M-Padé approximant, sometimes also
called interpolants. The problem of computing M-Padé approximants was studied in
[Liib83, Bec90, Bec92, VBB9I2| and named after the work of Mahler, including in partic-
ular [Mah32, Mah53, Mah68]. We also refer the reader to [Coa66, Coa67, Jag64].

Let J € KP*P be a Jordan matrix with n diagonal Jordan blocks of respective sizes
Dy, ..., D, and with respective eigenvalues z1, . . ., x,,. Following the ideas in Section 2.3.1,
one may identify M = K with

F = KX]/(XP) x - x K[X](XP),

by mapping a vector f = (f1,..., fn) in F to the vector e € M made from the concate-
nation of the coefficient vectors of fi,..., f,. Then, over F, the K[X]-module structure
on M given by p-e = ep(J) becomes

p-f=(p(X + x1)f1 mod XDl,...,p(X+xn)fn mod XD").

Now, if (ey,...,e,) in M™ is associated to (fi,...,f,) in F", with £ = (fi1,..., fin)
and f; ; in K[X]/(XP7) for all 4, j, the relation p; - €, + -+ + py, - €, = 0 means that for
all jin {1,...,n}, we have

PU(X + ) frj+ -+ pn(X 4 25) g = 0 mod X,
applying a translation by —z;, this is equivalent to
pifij(X —x) 4+ 4 pfm (X — ;) = 0mod (X — x;)"7,

Thus, in terms of vector M-Padé approximation as in [VBB92|, (p1,...,pm) is an inter-
polant for (fi,...,f,), x1,...,x,, and Dy,..., D,.

Then, the problem of computing relation bases for a multiplication matrix in Jordan
form can be rewritten as follows.

Let us write D = (Dy,...,D,), and let D = Dy + -+ + D,,. Then, the data of the
points x1,...,x, and of the integers D directly define the Jordan multiplication matrix
J € KP*P_ as explained above. In what follows, the module in Problem 8 is denoted
by Syzz(F); an element p € Syz;(F) is called an interpolant for Syz;(F), and a matrix
P € K[X]™*™ whose rows form a basis of Syz;(F) is called an interpolant basis of Syz;(F).

Our main results concerning the case of a Jordan multiplication matrix, stated in
Theorems 2.19 and 2.20, can be summarized as follows: there is a deterministic algorithm
which solves Problem 8 and returns the s-Popov basis using O”(m®“~! D) operations in K.
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Problem 8 — Minimal interpolant basis
Input:
e points xq,..., 7, in K|

n

e positive integers D € Z2,
e matrix F in K[X]™*" such that cdeg(F) < D,
e shift s € Z™.

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

{p € K[X]"™ | pF.; = 0 mod (X — z;)™ for 1 < j < n},

o P is s-reduced.

Previous work on this problem includes [Bec92, VBB92, BL00]. We note that in [Bec92|,
the input consists of a single column F in K[X]|™*! of degree less than D: to form the
input of our problem, we compute F = [F mod (X — z,)P|--- |F mod (X — z,)""].

For an arbitrary shift, the algorithms in [Bec92, VBB92] have a cost of O(m?D?)
operations and return a shifted minimal interpolant basis. In [BL00, Algorithm FFFG|,
the degrees are better controlled by ensuring that the bases computed at each iteration of
the algorithm are in shifted Popov form; this leads to the cost bound O(mD?) to compute
the s-Popov interpolant basis. To the best of our knowledge, no algorithm with a cost
quasi-linear in D had been given in the literature prior to our work.

As we observe from our review of previous work on interpolant bases and the more
specific approximant bases, the design of fast algorithms mainly focused on the latter.
Here, relying on the general framework of relation bases developed in [BLO00|, we manage
to give fast algorithms for the general case of interpolant basis computation. The cost
bounds for these algorithms match, up to logarithmic factors, those of fast algorithms for
approximant bases presented in Section 2.3.

2.4.2 Algorithm for almost uniform shifts

Here, we present our fast algorithm in O (m*~*(D +¢)) for computing s-minimal relation
bases with a multiplication matrix in Jordan form, where £ = |s —min(s)|. We recall from
Section 1.2.2 and Lemma 2.10 that this quantity £ provides an a priori upper bound on
the sum of the row degrees of these s-minimal bases.

Result. If J € KP*P is a Jordan matrix with n diagonal blocks of respective sizes
Dy, ..., D, and with respective eigenvalues z1, ..., x,, we will write it in a compact man-
ner by specifying only those sizes and eigenvalues. More precisely, we will assume that J
is given to us as the form

J = ((xla Dl,l)a ) (xla Dl,Tl)? SRR (xt7 Dt,l)» R (xta Dt,rt))a (23>
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for some pairwise distinct z4,...,24, with ry > -~ > r, and D;; > --- > D,,, for
all 7; we will say that this representation is standard. If J is given as an arbitrary list
((x1,D1),...,(xn, Dy)), we can reorder it (and from that, permute the columns of F

accordingly) to bring it to the above form in time O(M(D) log(D)?) using the algorithm in
[BJS08, Proposition 12]; if K is equipped with an order, and if we assume that comparisons
take unit time, it is of course enough to sort the z;’s.

Then, our first algorithm for the case of a multiplication matrix in Jordan form achieves
the following result, which focuses on the usual case m € O(D). Concerning the case
D € O(m), we rely on the solution based on linear algebra presented in Section 2.2 and
the corresponding cost bound can be found in Theorem 2.12. Besides, the reader interested
in the logarithmic factors may refer to the more precise cost bound in Proposition 13.3.

Theorem 2.19. Let J € KP*P be a Jordan matriz given by a standard representation.
Then, there is a deterministic algorithm which solves Problem 4 with M = J using

O(m*~'M(D)log(D) log(D/m) +m*~'M(¢) log(¢/m))
operations in K, where £ = |s — min(s)|.

We remark that under the assumption Hs; : £ € O(D) which states that the shift is
almost uniform around its minimal value, this cost bound becomes O(m“~'M(D) log(D)),
which is in O™ (m*~1D).

In general, masking logarithmic factors, this cost bound is O"(m“~}(D + £)). On the
other hand, following the discussion in Section 1.2.2, the bound of Lemma 2.10 on the
degree of the determinant of s-minimal interpolant bases implies that the sum of row
degrees of the output basis is in O(D + &), and thus its size is in O(m(D +€)).

To give a worst-case cost bound independently of the shift, we recall from Section 1.2.2
that one may assume without loss of generality that min(s) = 0, max(s) € O(mD),
and [s| € O(m?D). We also introduced there the shift h = (0, D,2D,...,(m — 1)D),
for which these bounds are reached and the h-Popov interpolant basis is actually the
interpolant basis in Hermite form. This is thus a worst-case situation for the cost bound
O (m“~Y(D + &)), which with ¢ = |h| becomes O™ (m“T1D).

As detailed in Section 2.3.2, the cost bound O7(m*~1 D) has been achieved in the spe-
cific case of a nilpotent Jordan matrix J, with identical block sizes and under assumptions
on s in [GJV03, ZL12], and in the general case here (Theorem 2.17). However, we are
not aware of a previous cost bound that would be similar to the result above, for example
that would be quasi-linear in D, for the question of Problem 4 with an arbitrary Jordan
matrix.

An interesting case which involves a non-nilpotent Jordan matrix can be found in
applications of Problem 4 to multivariate interpolation and list-decoding algorithms, as
detailed in Section 3.1.

In fact, it was left as an open problem in |[Z1.12, Section 7| to obtain algorithms with
cost bound O"(m*~1D) for arbitrary shifts s and in such a general interpolation context.
With the result above and the one to follow in Section 2.4.3 about arbitrary shifts, we
solve this open problem.
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Overview of the algorithm. Our divide-and-conquer algorithm is given in Section 13.2.
The idea is to use a Knuth-Schénhage-Moenck half-ged approach [Knu70, Sch71, Moe73|,
previously carried over to the particular case of minimal approximant bases in [BL94,
GJVO03]|. This approach consists in reducing a problem in size D to a first subproblem
in size D /2, the computation of the so-called residual, a second subproblem in size D/2,
and finally a recombination of the results of both subproblems via polynomial matrix
multiplication. The shift to be used in the second recursive call is essentially the s-row
degree of the outcome of the first recursive call.

The main difficulty is to control the degrees in the interpolant bases that are obtained
recursively. We have at hand the bound O(D + &) on the sum of row degrees: it depends
on the input shift. Yet, in our algorithm, we cannot make any assumption on the shifts
that will appear in recursive calls, since they are related to the degrees of the entries of
the previously computed bases. Hence, even in the case of a uniform input shift for which
the output basis is of size O(mD), there may be recursive calls with essentially arbitrary
shifts, which may output bases that have a size too large with respect to our target cost.

Our workaround is to perform all recursive calls with the uniform shift s = 0, and
resort to a change of shift that will be studied in Section 14.1. This strategy is an
alternative to the partial linearization approach that was used in [Sto06, ZL12| in the
case of approximant bases, whose generalization to interpolant bases is not clear to us.
To clarify the word “alternative”, we note that our change of shift uses a kernel basis
algorithm which itself relies on approximant basis computations; yet, with the dimensions
involved here, this approximation problem is solved efficiently without resorting to [Z1.12].

Another difficulty which was not solved prior to this work is to deal with instances
where D is small. Our bound on the size of the output in Section 1.2.2 states that when
D < m and the shift is uniform, the average degree of the entries of a minimal interpolant
basis is at most 1. Thus, in this case our focus is not anymore on using fast polynomial
arithmetic but rather on exploiting efficient linear algebra over K: the divide-and-conquer
process stops when reaching D < m, and invokes instead the algorithm based on linear
algebra discussed above in Section 2.2 and detailed in Chapter 4.

The last ingredient is the fast computation of the residual, that is, a matrix in K™*?/2
for restarting the process after having found a basis P for the first subproblem of size
D/2. This boils down to computing P(!) - F and discarding the first D/2 columns, which
are known to be zero. In Section 14.2, we design a general procedure for computing this
kind of product, using Hermite interpolation and evaluation to reduce it to multiplying
polynomial matrices.

Concerning the multiplication of the bases obtained recursively, to handle the fact
that they may have unbalanced row degrees, we use the approach in [ZLS12, Section 3.6];
we give a detailed algorithm and cost analysis in Section 12.2.

2.4.3 Computing shifted Popov interpolant bases

Now, we present our second algorithm for the case of a multiplication matrix in Jordan
form. It uses the one presented in the previous section as a building block, and offers two
key new features: it supports arbitrary shifts with a cost O"(m“~1D), and it computes
the basis in s-Popov form.
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Result. Again, for small values of D, namely D € O(m), these features are already
obtained by the approach based on linear algebra presented in Section 2.2, with a cost
bound that is satisfactory. Hence, here, we focus on the case m € O(D).

Theorem 2.20. Let J € KP*P be a Jordan matriz given by a standard representation.
Then, there is a deterministic algorithm which solves Problem 4 with M = J using

O(m“~*M(D)log(D) log(D/m)?)
operations in K and returns the basis in s-Popov form.

Since the worst-case of the cost bound of Theorem 2.19 for the shift-dependent algo-
rithm was O7(m**1D), in general the result here offers a speedup factor of up to m?. As
discussed above in Sections 2.3 and 2.4.1, to the best of our knowledge, no algorithm for
this problem with cost O7(m*~!D) was known previously for arbitrary shifts, even in the
specific case of approximant bases.

Overview of our approach. Several previous algorithms for approximant basis com-
putation, such as those in [BL94, GJV03|, follow a divide-and-conquer scheme inspired by
the Knuth-Schénhage-Moenck algorithm [Knu70, Sch71, Moe73|. The result here builds
on the algorithm presented in Section 2.4.2, where we extended this recursive approach
to more general interpolation problems involving a general Jordan matrix J, yet without
handling arbitrary shifts with a satisfactory complexity.

An immediate challenge is that for an arbitrary shift s, the sum of the row degrees
an s-minimal interpolant basis is in O(D + &) where £ = |s — min(s)|, and thus its size
in O(m(D + &)) may be beyond our target cost when ¢ is large. However, a first remark
is that this bound O(D + &) is pessimistic if we restrict our view to the bases actually
computed by the above-mentioned divide-and-conquer approach, which we describe in
more precise terms now.

Let F, J, and s be our input, and write J and J® for the D/2 x D/2 leading and
trailing principal submatrices of J. First, compute an s-minimal interpolant basis P
for JV and the first D/2 columns of F; then, compute the last D/2 columns F®) of the
residual P - F; then, compute a t-minimal interpolant basis P® for (F?) J®) with
t = rdeg,(PW); finally, return the matrix product P@PY),

In the case of Hermite-Padé approximation, this is exactly the divide-and-conquer
algorithm in [BL94|; our algorithm presented in Section 2.4.2 introduces an additional
change of shift technique to obtain efficiency for almost uniform shifts. An s-minimal
basis computed by this method has degree at most D and thus size in O(m?D), which is
less than O(m(D+¢&)) when ¢ is large. Using our fast algorithm for residual computation,
this approach allows us to solve Problem 4 using O (m®D) operations for an arbitrary
shift (see Section 13.1), which improves upon our algorithm of Section 2.4.2 when ¢ is
large.

However, this approach has intrinsic limitations, since there are instances of Problem 4
for which the size of the basis it outputs reaches ©(m?D): this is beyond our target
cost O"(m*~1D). We detail this in Example 7.5, with an instance of approximant basis
computation such that £ = ©(mD).
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In Section 2.4.2; focusing on the case where £ is small compared to D, and preserv-
ing such a property in recursive calls via changes of shifts, we obtained the cost bound
O (m“ YD +¢)). For £ in O(D), this matches our target cost. The fundamental reason
for this kind of improvement over O (m® D), already seen with [ZL12], is that one controls
the average row degree of the bases P and P(M and of their product PAPM.

From the discussion in Section 1.2.2, we know that we have no such control of the
average row degree for an arbitrary shift s. Still, the bound Lemma 2.10 implies that the
s-Popov interpolant basis P for Syz;(F) has average column degree at most D/m, and
thus its size is in O(mD). Therefore, our answer to the difficulty that bases may have size
in ©(m?D) is to compute a basis in s-Popov form. This clarifies our claim in Section 1.1
that our motivation for computing a basis in shifted Popov form is not only because of
the obvious interest of having a canonical form, but also because it helps us to better
control the degrees in the manipulated matrices and thus to give faster algorithms.

Then, similarly to our Popov approximant basis algorithm in Section 2.3, we will
adapt the above divide-and-conquer strategy to find the s-minimal degree § of Syz;(F);
this is detailed in Section 13.3. With this additional knowledge, we will rely on the case of
almost uniform shifts to efficiently compute the sought s-Popov basis. This follows ideas
that we exposed in Section 1.2.1 and which we recall now.

Suppose that we have computed recursively the bases P(®) and P® in s- and t-Popov
form; we want to output the s-Popov form P of P@P®M In general, this product is not
normalized and may have size ©(m?D): its computation is beyond our target cost. Thus,
one main idea is that we will not rely on polynomial matrix multiplication to combine
the bases obtained recursively. Instead, we use P and P® to find § as the sum of
their diagonal degrees (see the item (iv) of Theorem 1.28), and then we obtain P from a
minimal interpolant basis computation for the shift —4.

The latter situation, namely the problem of computing the s-Popov interpolant basis
P for Syz;(F) having the s-minimal degree § as an additional input, is studied in Sec-
tion 14.3. According to Lemma 1.26, this reduces to the computation of a —d-minimal
interpolant basis R. The properties of this shift —d allow us first to compute R in
O~ (m“~'D) operations using the partial linearization framework from [Sto06, Section 3]
and the minimal interpolant basis algorithm from Section 2.4.2, and second to easily
retrieve P from R.

We stop the recursion as soon as D < m, in which case we do not need § to achieve
efficiency: the algorithm presented in Section 2.2 computes the s-Popov interpolant basis
in O7(D“~'m) operations for any s according to Theorem 2.12.

2.5 Companion-block diagonal multiplication matrix

We now consider the computation of relation bases with a multiplication matrix M = C
which is block diagonal with companion blocks. We first establish a correspondence
between this problem and that of finding solutions to systems of linear modular equations;
as a consequence, approximant bases and more generally interpolant bases can be seen as
a particular case of this situation. Then, we discuss previous work and we give our main
result and an overview of our algorithm. Finally, we discuss another algorithm based
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on structured K-linear algebra, which obtains slightly better efficiency by focusing on
returning only one solution which satisfies degree constraints.

2.5.1 Link with systems of linear modular equations

Let us first define precisely what we mean by systems of linear modular equations. In
what follows, K[X].o stands for the set of nonzero polynomials in K[X], and we denote
by M = (my,...,m,) € K[X], a tuple of polynomials that will play the role of moduli.
Then, for A,B € K[X|™"™ we write A = B mod 9 if there exists Q € K[X]™*" such
that A = B 4 Qdiag("t). This means that the column j of A is equal to the column
j of B up to multiples of m;. Then, given a matrix F € K[X|™*" which specifies the
equations, we consider the module

Syzgn(F) = {p € K[X]"*™ | pF = 0 mod 91}.

An element of Syzgy,(F) is called a solution of Syzy(F)).

Ezxample 2.21. Consider the case where m; = XD/ for 1 < j < n. Then for any
F € K[X]™ ", p is a solution of Syzgy,(F) if and only if pF = 0 mod X?/.

More generally, when the moduli in 99t are powers of the variable X, the notion of
solution of Syzg(F) coincides with the notion of approximant of Syzp(F), where the
orders D are given by these powers. #

Since the set Syzyy (F) is a K[X]-submodule of K[X]'*™ which contains the submodule
lem(my, ..., m,)K[X]"™ Syzgy(F) is free of rank m according to Lemma 1.1. Then, we
may represent any basis of this module as the rows of a matrix P € K[X|"*™  called a
solution basis of Syzy(F). Such a basis P which is s-reduced is said to be an s-minimal
solution basis of Syzgy,(F), and if it is furthermore in s-Popov form, then P is called the
s-Popov solution basis of Syzgy,(F).

The problem of computing minimal bases of solutions to such systems of linear modular
equations is stated in Problem 9. Our interest in computing a whole basis in shifted
reduced form, and not simply a single solution with degree constraints, lies for example in
the application to the computation of shifted normal forms of polynomial matrices; this
situation is described in detail in Section 3.2.2. Still, in some contexts we are satisfied
with a single small degree solution; we discuss this point in Section 2.5.3.

Problem 9 — Minimal solution basis

Input:
e polynomials M = (my,...,m,) € K[X]7,
e a matrix F € K[X]™*" such that deg(F, ;) < deg(m,),
e a shift s € Z™.

Output:
e an s-minimal solution basis of Syzg,(F).

Well-known specific cases of Problem 9 are Hermite-Padé approximation with a single
equation modulo some power of X. More generally, for D = (Dy,...,D,) € Z+(, an
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s-minimal approximant basis of Syzp (F') as in Problem 7 is an s-minimal solution basis of
Syzgn(F) with 9 = (XP1 ..., XP»). Even more generally, computing interpolant bases
as in Problem 8 also amounts to solving Problem 9, in the specific case of moduli that
are products of known linear factors.

Now, let C € KP*P be a companion-block diagonal matrix with n diagonal blocks.
Explicitly,

C = diag(Cy,...,C,) with C, =

OO

for 1 < j < n. We have in particular D = Dy + --- + D,,.
Then, defining the monic polynomial m; = C;o) + cgl)X +- cg-Dj_l)XDj_l + XPi for

1 < j < n, one may identify M = K with the product of residue class rings
F = KX]/(mq) > - x K[X]/(m,,),

by mapping a vector f = (fy,..., f,) in F to the vector e € M made from the concate-
nation of the coefficient vectors of fi,..., f,. Then, over F, the K[X]-module structure
on M given by p-e = ep(C) becomes

p-f=(pfimodmy, ..., pf, modm,).
If vectors ey, ..., e, of M, which form the rows of a matrix E € K™*?_ are associated
with polynomials fi,...,f,, in F, which form the rows of a matrix F € K[X]™*" with

cdeg(F, ;) < deg(m;), then the relation p; - €; + -+ + py, - €, = 0 precisely means that
pF.; =0modm; for 1 < j < n.

Thus, defining MM = (my,...,m,), a row vector p € K[X]"*™ is a relation of Syzs(E) if
and only if p is a solution of Syzgy,(F).

Seen the other way, if 9t and F are as in the input of Problem 9, we let D; = deg(m;),
D = D; +---+ D,, and we assume without loss of generality that m; is monic. Then
p is a solution of Syzgy,(F) if and only if p is a relation of Syzg(E), where C € KP*P is
diag(Cy,...,C,) with C, the companion matrix associated with m;, and E € K™*? is
[Ey|---|E,] where the column k of the matrix E; € K™*Pi is the column vector in K™*!
formed by the coefficients of F, ; of degree k.

In particular, the multiplication p - F' defined by C as in Definition 2.4 corresponds to
the modular product p-F = pF mod 91. In our algorithms, this will allow us to compute
residuals by simply computing pF and reducing its entries modulo 91; this is efficient
thanks to the assumption n € O(m).

2.5.2 Computing shifted Popov solution bases

An overview of known fast algorithms for Problem 9 is given in Table 2.1. Concern-
ing interpolant bases and approximant bases where the multiplication matrix is in Jor-
dan form, we have seen above in Theorems 2.17 and 2.20 that there are determinis-
tic algorithms to compute the s-Popov basis using O7(m*~'D) operations, with D =
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Table 2.1: Fast algorithms for systems of linear modular equations over K[X] (Problems 9
and 10). In this table, n € O(m); partial s-min. = returns small degree rows of an s-
minimal solution basis; split = product of known linear factors; Hs; : |s — min(s)| < D;

Hso @ |max(s) —s| < D.

Reference Cost bound | Moduli | Output Assumptions
Beckermann [Bec92] O(m*D?) split | s-minimal n=1
Van Barel-Bultheel [VBB92] O(m*D?) split | s-minimal
Beckermann-Labahn [BL94] O(m?D? XP/m | s-minimal
Beckermann-Labahn [BLY4| O (m“D) XP/m | s-minimal
Beckermann-Labahn [BL0O] O(mD?) split | s-Popov
Giorgi et al. [GJV03] O (m“D/n) | XP/™ | s-minimal
Storjohann [Sto06] O (m“[D/m]) | XP/™ | partial s-min. Hsa
Zhou-Labahn [Z1.12] O (m*[D/m]) | XP/™ | s-minimal He1 or Hso
Theorem 2.25 and [CINT15] | O7(m*~!D), any | small solution
probabilistic vector
Theorem 2.19 and [JNSV17] | O (m“~'D) split | s-minimal Hs
Theorem 2.12 and [JNSV17] | O (mD“™!) any | s-Popov D e O(m)
Theorem 2.20 and [JNSV16] | O (m“~'D) split | s-Popov
Theorem 2.22 and |Neil6] O (m¥~'D) any | s-Popov

deg(my) + - -+ + deg(m,,). Here, we extend this result to arbitrary moduli, up to the as-
sumption that the number of equations is not much larger than the number of unknowns.
The next result follows from Proposition 8.17 and the corresponding Algorithm 18.

Theorem 2.22. Assuming n € O(m), there is a deterministic algorithm which solves
Problem 9 using O”(m“~1D) operations in K and returns the s-Popov solution basis of
Syzen(F), where D = deg(my) + - - - + deg(m,,).

In the particular cases of approximant and interpolant bases, we managed to avoid
such an assumption on n and m; more insight into this difference will be given below in
the overview of our algorithm. Although this assumption will always be satisfied in this
thesis, where we will rely on solution bases to compute shifted normal forms of polynomial
matrices and in the Coppersmith technique over K[X]| (see Sections 3.1.5 and 3.2.2), it
might be a hindrance in some cases. We remark for example that in Section 3.1.3, we
will see some multivariate interpolation problems which reduce to interpolant bases with
possibly significantly more equations than unknowns.

In terms of the computation of relation bases as in Problem 4, this directly translates
as the following result.

Corollary 2.23. Let C € KP*P be a companion-block diagonal matriz with n blocks as in
Eq. (2.4). Assuming n € O(m), there is a deterministic algorithm which solves Problem }
with M = C using O~ (m“~1D) operations in K, and returns the basis in s-Popov form.
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We note that this follows directly from Theorem 2.12 when D € O(m). If some of
the moduli have small degree, or in other words some of the diagonal blocks have small
dimension, we use this result for base cases of our recursive algorithm.

As we have discussed in Section 2.1.3, compared to interpolant bases, where the multi-
plication matrix is in Jordan form, the situation here is quite different in terms of compu-
tations since the multiplication matrix C is not in upper triangular form. We recall that
having an arbitrary upper triangular matrix implies that one can then rely on recurrence
equations to solve the problem iteratively, using [BL0OO, Algorithm FFFG]| that we recall
with our notation in Algorithm 8. This recurrence is used for example in the iterative al-
gorithms of [VBBOI1, Bec92, VBB92, BL94| for approximant or interpolant bases. Beyond
the techniques used to achieve efficiency, the fast algorithms in [BL94, GJV03, ZL12], as
well as ours presented in Sections 2.3 and 2.4, are essentially divide-and-conquer versions
of this iterative solution and are thus based on the same recurrence equations.

However, for a multiplication matrix that has companion blocks and thus is not upper
triangular, there is no such recurrence in general. To give a simple illustration of this
difficulty, let us consider the case of one equation modulo X — 1, that is, the case of the
companion multiplication matrix

It is not clear how one could split this matrix into submatrices that would correspond to
well-defined subproblems that ask to compute relation bases for a multiplication matrix in
companion form. In terms of polynomial equations, if our input is F € K[X]™*! of degree
less than D, it is not clear either what subproblem could be considered whose solutions
would represent some progress towards vanishing modulo X? — 1.

Then, a natural idea is to relate solution bases to kernel bases, which leads us to
introduce an additional unknown: the matrix of quotients. Indeed, Problem 9 asks to
find P € K[X]™ ™ for which there is some quotient matrix Q € K[X|™*" such that

F

[P Q} V =0, where V = {—diag(im)

:| c K[x](m+n)><n

More precisely, we will show in Section 8.1 that [P Q} can be obtained as a u-Popov
kernel basis for V for the shift u = (s —min(s), 0) € ZZ;™. To the best of our knowledge,
it is not known how to compute such a kernel basis efficiently; the algorithms in [ZLS12,
ZL13| are only efficient for specific families of shifts satisfying assumptions similar to Hs ;
and Hs 2, and they do not return the shifted Popov basis. In fact, an immediate difficulty
lies in the degrees in Q, which may be so large that the size of Q exceeds our target cost;
we recall that we are only interested in the part P of the kernel [P Q}.

Yet, when the s-minimal degree of Syzgy,(F) is known, this kernel basis point of view
is fruitful. It helps us to reduce Problem 9 with known é to the computation of shifted
Popov kernel bases with known information on the output pivot degrees and indices;
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2.5. Companion-block diagonal multiplication matrix

in Section 8.1, we use our results on the computation of approximant bases to give a
fast algorithm for finding a kernel basis when such information is available. For further
efficiency, the fact that we are not interested in Q allows us to use partial linearization
so as to reduce the degrees in the computed kernel basis. We thus obtain the desired
cost bound when é is known; we note that this is a slight generalization of results already
obtained in [GS11, Section 3] in the context of Hermite form computation.

Then, for n > 1, our algorithm in Section 8.3 uses a divide-and-conquer approach
on the number n of equations, based on the transitivity result in Theorem 1.28. To
summarize, this consists in computing a solution basis P for the first n/2 equations;
then computing the last n/2 columns of the residual G = PWF mod 91; and finally
computing a solution basis P for G and the second half of the moduli. As discussed
for approximant and interpolant bases above, if one computes P and P® recursively
in shifted Popov form, their product P®P® is an s-minimal solution basis of Syzgy(F)
which is usually not in s-Popov form and which may have size beyond our target cost.
Thus, we avoid the computation of this product by using P? and P® to deduce the
s-minimal degree 4, from which we efficiently find the sought s-Popov solution basis as
sketched in the previous paragraph.

The main remaining difficulty is to deal with the base case n = 1 of the recursion. If
this corresponds to an equation whose modulus has small degree, as explained above we
can directly rely on the general relation basis algorithm presented in Section 2.2. However,
in the case of a single equation whose modulus has large degree D compared to m, it seems
that new ingredients are needed. In Section 8.2, we develop the ingredients presented in
the next paragraphs, leading to an O™ (m“~!D) algorithm to solve this base case and thus
completing our fast algorithm for Problem 9.

When n = 1, we have one equation F € K[X]|™*! of degree less than D, and a
modulus m € K[X]., of degree D. From the discussion above, computing the s-Popov
solution basis P for Syz, (F) amounts to computing the u-Popov kernel basis [P Q] of
the column V = [FT m]T, where deg(F) < deg(m) and the last entry of u is min(u). Our
ingredients give a central role to a quantity that we have called the amplitude of the shift
u and which is defined as amp(u) = max(u) — min(u).

First, when amp(u) € O(D) we show that the u-Popov kernel basis [P Q] can be
efficiently obtained as a submatrix of the u-Popov approximant basis for the matrix V
and an order in O(D). Then, when amp(u) is large compared to D and assuming that u
is sorted non-decreasingly, P has a lower block triangular shape. We show how the size
of these blocks can be revealed, along with the s-pivot degree of P, using a divide-and-
conquer approach which splits u into two shifts of amplitude about max(u)/2.

Remark 2.24. In our algorithm, the assumption n € O(m) is required for the efficiency
of two operations.

In the situation where we know the s-minimal degree &, we rely on the computation
of a kernel basis for the (m + n) x n matrix V, for which our target cost currently seems
out of reach when n > m. To solve this, one may try to exploit the structure of V, whose
bottom part is an n x n diagonal matrix, or to find another way to solve the problem
when § is known.

Our algorithm to compute the residual G = PUF mod M is not efficient when 9
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Chapter 2. Fast computation of relation bases

contains many polynomials of small degree, that is, n > m. In the case of interpolant
bases, we have solved this in Section 14.2 by using the known linear factors of the moduli,
which allow us to group together small degree equations into fewer equations of larger
degree via Hermite interpolation and evaluation. Generalizing this to arbitrary moduli,
using in particular Chinese remainder evaluation and interpolation, might lead to the

Ll

desired cost bound but has not been studied in this thesis. -®

2.5.3 Computing a solution via structured linear algebra

In several situations, such as applications to list-decoding algorithms (see Section 3.1.2),
one is not interested in computing a basis of solutions which is minimal for the shifted
degree, but rather in finding one solution of sufficiently small shifted degree.

More precisely, given the moduli 0, the system matrix F, and prescribed degree
constraints specified by m positive integers Ny, ..., N,,, one looks for a solution p = [p;];
for Syzgy(F) such that deg(p,;) < N; for all j. We formalize this question in Problem 10.

Problem 10 — Small solution vector

Input:
e polynomials M = (my, ..., m,) € K[X],,
e a matrix F € K[X|™*" such that deg(F, ;) < deg(m,),
e positive integers Ny, ..., N,.

Output:
e a row vector p = [py, ..., pm) € K[X]"*™ such that
o p is a solution of Syzyy,(F),
o deg(p;) < Nj forall 1 < j < m.

We recall from Remark 1.9 that degree constraints are directly related to shifted
degrees, since deg(p;) < N; for 1 < j < m is equivalent to rdeg_pn(p) < 0 with IN the
shift N = (NVy,..., N,,) € ZZ,. Therefore, to solve this problem one may directly apply
a solution basis algorithm and return one of the rows of the output basis which satisfy
rdeg_n(p) < 0; if there is no such row, this means that there is no solution to the given
instance of Problem 10.

Another approach is proposed in Chapter 9, where we give two algorithms which solve
Problem 10 relying on structured K-linear algebra. Using the currently fastest known
algorithms for solving structured linear systems, this provides a solution to Problem 10
with fewer logarithmic terms in the cost bound than relying on our solution basis algorithm
presented in Section 2.5.2.

Theorem 2.25. There is a probabilistic algorithm that either computes a solution to
Problem 10, or determines that none exists, using

O((m +n)*"*M(D)log(D))

operations in K, where D = deg(my) + - - - 4+ deg(m,,). Both Algorithms 19 and 20 achieve
this result. These algorithms choose O(D) elements in K; if these elements are chosen
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uniformly at random in a subset I' C K of cardinality at least 6(D+1)?, then the probability
of success is at least 1/2.

Our algorithms involve two different linearizations of the system of linear modular
equations over K[X| into a homogeneous linear system over K. Defining N = Ny+- - -+N,,,
both systems have D equations in N unknowns. Furthermore, the structure of the latter
systems allows us to solve them efficiently using the algorithms in [BJS08, BJMS16]°.
While it is customary to make the assumption N > D to ensure that our problem admits
a solution, here we do not need and thus do not make this assumption, since the algorithm
will detect whether no solution exists.

Our first algorithm, detailed in Section 9.2, first rewrites the equations with arbitrary
moduli into equations with moduli that are powers of X, by means of reversing the
order of the coefficients of the involved polynomials. This transforms the problem into
an approximant basis problem, with the number of unknowns being increased from m to
m+n and the sum of the degrees of the moduli being now D +n(max(N)—1). According
to Section 2.3, computing a minimal approximant basis for such input dimensions can be
done in O™ ((m + n)*~*(D + nmax(N))) operations with the fastest known algorithms;
for some N this exceeds the cost in the theorem above. Here, noticing that we are
not interested in computing the n unknowns that were added in the transformation, we
manage to derive a structured K-linear system which can be solved in O((m + n)“~D)
operations. The matrix of the system is mosaic-Hankel, meaning that it is formed by
Hankel blocks of various dimensions.

This transformation to an approximant basis problem was inspired by, and generalizes,
the derivation of the extended key equations in the context of decoding algorithms in
coding theory. These equations extend the key equation designed for the decoding of
BCH and Reed-Solomon codes [Ber68, Ch. 7] (see also [Fit95]), to the more general list-
decoding of Reed-Solomon codes. They were first introduced by Roth and Ruckenstein in
[RRO0] in the context of the Sudan algorithm [Sud97|, and then in a more general form
by Zeh, Gentner, and Augot [ZGA11] for the Guruswami-Sudan algorithm [GS99]. In our
first algorithm, the derivation of the key equation follows that in [ZGA11].

In our second algorithm, detailed in Section 9.3, the homogeneous linear system over
K is directly obtained from the polynomial system matrix F and the degree contraints N.
This linearization is a slight variation of the striped Krylov linearization in [BLO00] and
Section 4.1 in the case of a companion-block diagonal multiplication matrix. In this case,
the structure of the system is less eye-catching than in the case of mosaic-Hankel matrices
in the sense that one cannot straightforwardly observe it by just reading the coefficients.
Yet, we prove that, thanks to the fact that the multiplication matrix is companion-block
diagonal, the system has a Toeplitz-like structure with displacement rank m + n (these
notions are recalled in Section 9.1). Furthermore, we can efficiently compute generators
that give us a compact representation of the system. This again allows us to find a solution
in O7((m + n)*~'D) operations, by resorting to the algorithm of [BJS08, BJMS16].

In short, both points of view lead to the same complexity result, stated in Theorem 2.25
above. In this result, the probability analysis is a standard consequence of the Zippel-

3At the time of writing this document, [BJMS16| has not yet been published. In short, for the uses
we make of it, the main difference with [BJS08| is that it removes a logarithm factor in the cost bound.
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Schwartz lemma; as usual, the probability of success can be made arbitrarily close to one
by increasing the size of the subset I'. If the field K has fewer than 6(D + 1)? elements,
then a probability of success at least 1/2 can still be achieved by using a field extension
L of degree d € O(logc,qq) (D)), up to a cost increase by a factor in O(M(d) log(d)).

Specifically, one can proceed in three steps. First, we take L. = K[X]/(f) with f €
K[X] irreducible of degree d; such an f can be set up using an expected number of
O™ (d*) € O(D) operations in K [GG13, Section 14.9]. Then we solve Problem 10 over L
by means of the algorithm of Theorem 2.25, thus using O(p*~*M(D)log(D) - M(d) log(d))
operations in K. Finally, from this solution over IL one can deduce a solution over K
using O(Dd) operations in K. This last point comes from the fact that, as said above,
Problem 10 amounts to finding a nonzero vector u over K such that Au = 0 for some
matrix A € KP*(P+D: once we have obtained a solution v over L, it thus suffices to
rewrite it as v = Y, _, Vi’ # 0 (where z is the image of X in L) and, noting that
Av; = 0 for all 4, to find a nonzero v; in O(Dd) comparisons with zero and return it as
a solution over K.
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3

Impact on related problems

3.1 Multivariate interpolation and list-decoding algo-
rithms

In this section, we apply our algorithms for solution bases and interpolant bases (Sec-
tions 2.4 and 2.5) to efficiently solve problems of constrained multivariate interpolation
with multiplicities. These problems arise in particular in coding theory, and more specif-
ically in list-decoding algorithms. Our contributions lead to the best known cost bound
we are aware of for bivariate interpolation problems, such as those appearing in the list-
decoding [Sud97, GS98| and the soft-decoding [KV03a, Sec.III] of Reed-Solomon codes;
and for multivariate interpolation problems, such as those appearing in the list-decoding of
folded Reed-Solomon codes [GRO§| and in robust Private Information Retrieval [DGH12].

In some of these contexts, the input points have a property that allows us to reduce
the interpolation problem to a system of linear modular equations which involves less
equations than unknowns. Such a system can be solved efficiently with our algorithm for
finding solutions with degrees constraints (Section 2.5.3). This interpolation problem and
the corresponding list-decoding contexts are presented in Sections 3.1.1 and 3.1.2.

In other situations, this property may not be satisfied. After reduction, the system
may have significantly more equations than unknowns, which makes the algorithm of Sec-
tion 2.5.3 inefficient. To solve this issue, we rather rely on our algorithms for interpolant
bases (Section 2.4): while slightly slower, they make no requirement on the input points.
In Section 3.1.3, we present this more general multivariate interpolation and the reduction
to interpolant bases; consequences for decoding algorithms are given in Section 3.1.4.

Finally, in Section 3.1.5 we focus on the Coppersmith technique over K[X], which is a
generalization of the list-decoding problem for Reed-Solomon codes. Extending our work
on the Guruswami-Sudan algorithm, we show that the interpolation step of this technique
can be efficiently reduced to a system of linear modular equations.

3.1.1 Multivariate interpolant with degree constraints

Here, we consider a multivariate interpolation problem with multiplicities and degree
constraints (Problem 11 below). As mentioned above, one motivation for studying this
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problem lies in its applications to list-decoding algorithms. In this context, the parameters
r, A, v, b of the problem are respectively known as the number of variables, list size, code
length or number of interpolation points, and as an agreement parameter. Furthermore,
the integers piq, ..., u, are known as multiplicities associated with each of the v points,
and the r variables are associated with some weights wy, ..., w,.

For example, in the application to the list-decoding of Reed-Solomon codes detailed
in Section 3.1.2, we have r = 1, all the multiplicities are equal to a same value u, v — b/
is an upper bound on the number of errors allowed on a received word, and the weight
w := w; is such that w + 1 is the dimension of the code.

We stress that here we do not address the issue of choosing the parameters r, A,
{1, - - ., i, with respect to v, b, wy,...,w,, as is often done: in our context, these are
all input parameters. Similarly, although we will mention them, we do not make some
usual assumptions on these parameters; in particular, we do not make any assumption
that ensures that our problem admits a solution: the algorithm will detect whether no
solution exists.

In what follows, we have r variables Yi,...,Y, and our problem asks to find a poly-
nomial in K[X,Y1,...,Y;]. We write degy, . for the total degree with respect to these
variables Y1,...,Y,. Furthermore, wdeg,, ,, stands for the weighted degree with respect
to weights wy, ..., w, € Z on variables Y7, ..., Y, respectively; that is, for a polynomial

Q= Zjl,...,jT (O (X)Ylj1 Y

Wdegwl,..‘,w,A(Q) = maX (deg(Q.]lva]'r> + jlwl + e +j7‘w7‘)'

J1yeeesdr

Problem 11 — Constrained multivariate interpolation

Input:

points {(zk, Y1, -, Ykr) € KT 1 < k < v} with pairwise distinct zy,
multiplicities pq, ..., @, € Z~og,

degree constraints A € Z~y and b € Z,

weights wy, ..., w, € Z.

Output:
e a nonzero polynomial @ € K[X,Y),...,Y,] such that
(i) degy, v, (Q) <A,

(ii) wdeg,, ., (Q) <b,
(111) Q(xi,Yi1,---,Yir) =0 with multiplicity at least p; for 1 <@ < v.

We call conditions (i), (ii), and (iii) the list-size condition, the weighted degree con-
dition, and the vanishing condition. Hereafter, a point (z,y1,...,y,) is said to be a zero
of @ with multiplicity at least p if the shifted polynomial Q(X + z, Y1 +y1,..., Y, +v;)
has no monomial of total degree less than pu; in characteristic zero or larger than g, this
is equivalent to requiring that all the derivatives of ) of order up to u — 1 vanish at

(‘r)yla cee ayr)'
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By linearizing condition (%ii) under the assumption that conditions (i) and (ii) are
satisfied, it is easily seen that solving Problem 11 amounts to computing a nonzero solution
to a D x N homogeneous linear system over K. Here, the number D of equations derives
from condition (%::) and thus depends on r, v, u1, ..., 1, while the number N of unknowns
derives from conditions (i) and (7)) and thus depends on r, A, b, wy, ..., w,. It is customary
to assume D < N in order to guarantee the existence of a nonzero solution; however, as
said above, we do not make this assumption, since our algorithms do not require it.

Problem 11 is a generalization of the interpolation step of the Guruswami-Sudan algo-
rithm [Sud97, GS99| to r variables Y7, ..., Y,, distinct multiplicities, and distinct weights.
The multivariate case r > 1 occurs for instance in the list-decodings of Parvaresh-Vardy
codes [PV05]| and folded Reed-Solomon codes [GRO8|. We will discuss these specific con-
texts in Section 3.1.2. The case of distinct multiplicities occur in the interpolation step in
soft-decoding of Reed-Solomon codes [KV03a|; however, this context differs from Prob-
lem 11 in that the x; are not necessarily pairwise distinct, a situation that we will thus
study separately in Sections 3.1.3 and 11.2.4.

Our solution to Problem 11 relies on a reduction to the problem of solving a system of
linear modular equations over K[X] (Problem 10). This is detailed in Section 11.1 and is
essentially based on a rewriting of the vanishing condition as a set of divisibility properties
of the successive Hasse derivatives of the sought multivariate polynomial, extending to
the multivariate case r > 1 results that can be found in [ZGA11| and |Zeh13, Chapters 4
and 5|. In this reduction, the assumption that xq, ..., z, are distinct is a key to obtain an
instance of Problem 10 that we know how to solve efficiently (Theorem 2.25). Then, we
immediately deduce the following cost bound for Problem 11; in this result, m corresponds
to the number of polynomial unknowns of the obtained instance of Problem 10, while n
corresponds to the number of equations.

Corollary 3.1. Let
S:{(]lvajr)GZ;0|jl++]r<>\ and j1w1+"'+jrwr<b}a

and let ;1 = max;<;<, pt;, m = Card(S), n = ("), and D = D icicy (’:;“11) There exists
a probabilistic algorithm that either computes a solution to Problem 11, or determines that

none exists, using
O((m +n)*~'M(D)log(D)) € O"((m +n)*~'D)

operations in K. This can be achieved using Algorithm 23 followed by Algorithm 19 or 20.
These algorithms choose O(D) elements in K; if these elements are chosen uniformly at
random in a subset of K of cardinality at least 6(D + 1)?, then the probability of success
is at least 1/2.

If K has fewer than 6(D + 1)? elements, the remarks made after Theorem 2.25 about
working in a field extension of K still apply here. Furthermore, since in Problem 11 the
points z; are assumed to be distinct, we have already Card(K) > v and then we can take
an extension of degree d = O(log,(D)). In all the applications to error-correcting codes

91



Chapter 3. Impact on related problems

we will consider (see Section 3.1.2), D is polynomial in v so that we can take d = O(1),
and therefore in this context the cost bound in Corollary 3.1 holds for any field K.

If one is concerned about the probabilistic aspect of this result, we note that another
algorithm is proposed in Corollary 3.2; while slower by some logarithmic factors, it is
deterministic and returns a whole shifted reduced basis of interpolants in the slightly
more general context of Problem 12.

For a comparison with previous work, since Problem 11 directly reduces to Problems 8
to 10, we refer the reader to the discussions in the corresponding Sections 2.4 and 2.5.
In the next section, we give more details about previous work on the specific case of the
interpolation steps in list-decoding algorithms for Reed-Solomon and folded Reed-Solomon
codes.

We will often refer to the two following assumptions on the input parameters:

Hine1: 0 <A,
Hint2: >0 and b > X - max;j<, wj.

Regarding Hin1, we prove in Section 11.4 that the case pr > A can be reduced to the case
i = A, so that this assumption can be made without loss of generality. Besides, it is easily
verified that Hin is equivalent to having S = {(j1,...,J;) € ZLy | ji+ -+ jr < A}
when w; > 0 for some j, Hint 2 means that we do not take X uselessly large. In particular,
assuming Hiye 1 and Hiyg o implies that m = Card(S) = (T“) > n.

r

3.1.2 List-decoding of (folded) Reed-Solomon codes

We now focus on the specific context of the interpolation steps of the Guruswami-Sudan
algorithm [Sud97, GS99] for the list-decoding of Reed-Solomon codes, and the Guruswami-
Rudra algorithm [GRO8] for the list-decoding of folded Reed-Solomon codes. We compare
our results with algorithms designed for these situations; for a broader overview of previous
work, we refer the reader to the introductive section of [BB10] and to [Niel3, Section 3.6].

In the case of the Guruswami-Sudan interpolation step, we have r = 1 and the as-
sumptions Hiye 1 and Hiue 2 are satisfied as well as

Hint,s: 0 < w < v where w := wy,

Hinga: 1 ="+ = [y = [L.

The assumption Hi, 3 corresponds to the coding theory context, where w + 1 is the
dimension of the code; then w + 1 must be positive and at most v, which is the length
of the received word. To support this assumption independently from any application
context, we show in Section 11.5 that if w > v, then Problem 11 has either a trivial
solution or no solution at all.

Under the assumptions Hint,1, Hint,2, Hint,3, and Hine 4, the quantities defined in Corol-
lary 3.1 are m = Card(S) = A+ 1, n=p, and D = %I/.

Our contributions to this decoding problem are detailed in Section 11.2; in short, we
will show the following consequences of Corollary 3.1:
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e the interpolation step of the Guruswami-Sudan algorithm [GS99| can be performed
in O"(\~'u2qv) operations, where g is the multiplicity parameter used in this
algorithm;

e the interpolation step of the Wu algorithm [Wu08] can be performed in O™(A\~! 1y, v/)
operations, where pwy, is the multiplicity parameter used in this algorithm;

e the re-encoding technique [WB86, KV03b| can be used in conjunction with our
algorithm in order to reduce the cost of the interpolation step of the Guruswami-
Sudan algorithm to O7(A*~!uéq(v — w)) operations.

To the best of our knowledge, these are the best known cost bounds for these tasks.
If the probabilistic aspect of the algorithm is an issue, the same cost bounds can be
obtained, up to an additional logarithmic factor, by the deterministic algorithm presented
in Section 3.1.3 (see Corollary 3.2).

Furthermore, our result can also be adapted to the context of the interpolation step of
the Kotter-Vardy algorithm for the soft-decoding of Reed-Solomon codes [KV03al. Still,
in this context the field elements x4, ..., z, are generally not pairwise distinct, implying
that after our reduction we obtain an instance of Problem 10 which we may not know
how to solve efficiently; the reason is that the number n of polynomial equations may be
too large compared to the number m of unknowns. For this particular situation as well,
we refer the reader Section 3.1.3 for a fast algorithm.

Previous results focus mostly on the Guruswami-Sudan case (r = 1, > 1) and some
of them more specifically on the Sudan case (r = p = 1); we summarize these results in
Table 3.1. We also include in this table the cost bounds of the algorithms in [VBB92,
Bec92] which solve Problem 8, since they can be used via the aforementioned reduction.
In some cases, such as in [Rei03, Ale05, Berll, CH15|, the cost bounds were not stated
quite exactly in our terms but the translation is straightforward.

In the second column of that table, we give the cost with respect to the interpolation
parameters A, p, v, assuming further p = v9M and A = v°® to simplify the logarithmic
factors. The most significant part of the running time is its dependency with respect to
v, with results being either cubic, quadratic, or quasi-linear. Then, under the assumption
Hint.1, the second most important parameter is A, followed by p. In particular, our result
compares favorably to the cost O7(A\“uv) obtained by Cohn and Heninger [CH15| which
was, to our knowledge, the best previous bound for this problem.

In the third column, we give the cost with respect to the Reed-Solomon code param-
eters v and w, using worst-case parameter choices that are made to ensure the existence
of a solution: p = O(vw) and A = O(v*?w'/?) in the Guruswami-Sudan case [GS99)],
and A = O(v'2w=1/2) in the Sudan case [Sud97]. With these parameter choices, our
algorithms present a speedup (v/w)"/? over the algorithm in [CH15].

Most previous algorithms rely on linear algebra, either over K or over K[X]. When
working over K, a natural idea is to rely on cubic-time general linear system solvers, as
in Sudan’s and Guruswami-Sudan’s original papers.

Another line of work uses faster linear system solvers which are specialized for systems
that have specific structures. The algorithms in [RR00, ZGA11]| rely on Feng and Tzeng’s
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Table 3.1: Fast algorithms for the interpolation step of Guruswami-Sudan list-decoding
(Problem 11 with 7 = 1 and under the assumptions Hint 1, Hint.2, Hint3, Hinta). Lhe
symbol x indicates a probabilistic algorithm.

Sudan case (u=1)

Beckermann [Bec92] O(\?) O(vsw=)
Sudan [Sud97] O?) O(v?)
Olshevsky-Shokrollahi [0S99) O(\?) O(sw=)
Roth-Ruckenstein [RR00] O(\v?) O(Wsw=)
Cohn-Heninger [CH11, CH15| O(A\“M(v)log(v)) O W ws)
Chapter 11 and Corollary 3.1 ONM()log(v)) | O (Vs w™=")
Chapter 13 and Corollary 3.2 ONM()log(v)?) | O (v s w'=")

Guruswami-Sudan case (u > 1)
Van Barel-Bultheel [VBB92)] O(\*?) O(vzw?)
Guruswami-Sudan [GS99) O(ubr?) OV w®)
Olshevsky-Shokrollahi [0S99] O(A\*r?) O3 w?)
Zeh-Gentner-Augot [ZGA11] O(\u*v?) O(vzw?)
Kétter, Nielsen-Hgholdt, McEliece O(\u*v?) O(vzw?)
[K6t96, NH00, McEO3|
Reinhard [Rei03] O(Nuv?) O(vzw?)
Lee-O’Sullivan [LO0S] ONuv?) O(V°w?)
Trifonov [Tri10] (heuristic) O(uPv?) OV w?)
Alekhnovich [Ale05] O\ p*M(v) log(v)) O (v''w®)
Beelen-Brander [BB10] O(NM(Auv) log(v)) O (viw?
Bernstein [Berl1] ONM(\)log(v)) | O (V™ w™s)
Cohn-Heninger [CH11, CH15] ONM(uv)log(v)) | O (V™2 w"s)
Chapter 11 and Corollary 3.1 ONM(p2v)log(v)) | O (V™2 w )
Chapter 13 and Corollary 3.2 ONM(p2v)log(v)?) | O (v™ 2 w™s)
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linear system solver [F'T91], combined with a reformulation in terms of syndromes and
key equations. Here, we use (and generalize to the case r > 1) some of these results in
Section 9.2, and we rely on the more efficient structured linear system solver of [BJS08,
BJMS16]*. Prior to our work, Olshevsky and Shokrollahi also used structured linear
algebra techniques [OS99], but it is unclear to us whether their encoding of the problem
could lead to similar results as ours.

As said above, another approach rephrases the problem of computing () in terms of
polynomial matrix computations. This is based on the fact that the set of polynomials
which satisfy the conditions (i) and (iii) of Problem 11 form a free K[X]-module of finite
rank; precisely, this rank is the quantity m = Card(S) defined in Corollary 3.1. In the
context here we have m = A + 1, and there are essentially two approaches.

First, the incremental algorithms of [K6t96, NH00| and [McE03, Section 7|, which are
often referred to as Kotter’s algorithm in coding theory, compute a shifted reduced basis
of the module by an iteration over the points and over the multiplicity constraints. In fact,
these algorithms can be interpreted as particular instances of iterative algorithms for M-
Padé approximation, by Beckermann [Bec92] when p = 1 and by Van Barel and Bultheel
when p > 1 [VBB92|. More insight into this remark will be given Sections 3.1.3 and 3.1.4,
where we also show that in this decoding context the input shift is sufficiently balanced
so that this type of algorithms uses O(Au?v?) operations. (According to Section 2.4.1,
for worst-case shifts this approach could use O(A\?u?r?) operations, unless one normalizes
the bases at each iteration as in [BL00, Algorithm FFFG]; see also Section 6.4.)

A second approach consists in starting from known generators of the module and then
computing a shifted reduced basis of it; this is the analogue of the Coppersmith technique
over K[X] [Rei03, CH15] (see also Section 3.1.5). The algorithms in [Ale02, Rei03, LOO0S,
Bus08, BB10, Bral0, Ber11, CH11] follow this scheme, which yields a vector which satisfies
the degree constraints of condition (7i) of Problem 11, unless there is no solution. Here,
the entries of the shift are small enough not to impact the cost bound of the fastest known
row reduction algorithms, which are designed for the uniform shift. To achieve quasi-linear
time in v, the algorithms in [BB10, Bral0] use a reduction subroutine due to Alekhnovich
[Ale05], while those in [Berll, CH11, CH15] rely on the faster, randomized algorithm in
[GJV03]. Up to additional logarithmic factors, or the assumption that M(d) € O(d“~1),
a similarly fast and deterministic algorithm was given in [GSSV12].

The case r > 1 is used for example in the interpolation steps of the list-decoding
of Parvaresh-Vardy codes [PV05] and folded Reed-Solomon codes [GRO08|, as well as for
robustness issues in Private Information Retrieval [DGH12|. In these contexts, one deals
with Problem 11 for some r > 1, identical positive weights w; = - -+ = w,, and with list-
size and multiplicity parameters A and pu = puy = --- = u, such that the main quantities
in the cost bound of Corollary 3.1 are

. . . T+ A r+p
S={jeZ, | \j|<)\},m:< . ),ngm, and D:(r—l—l)u

Two algorithms were first given for this case, both having cost bound O(rD3?): the first

4At the time of writing this document, [BJMS16] has not yet been published. In short, for the uses
we make of it, the main difference with [BJS08| is that it removes a logarithm factor in the cost bound.
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one generalizes the incremental solution of [Bec92, VBB92| to this multivariate context
(see [Fit97, Section 4|, [OF02]), while the other one relies on an extension of the FGLM
algorithm [FGLMO93| to the case of modules of finite codimension (see [Fit97, Sections 2
and 3|).

Then, the approach based on the computation of a reduced basis of a K[X]-module
was extended to the multivariate case r > 1 in [Bus08, Bral0, CH12|. We give more
details about this in Section 11.3; in short, by relying on fast row reduction [GSSV12],
this gives a deterministic algorithm which uses O™ (m“uv) operations. To the best of our
knowledge, this is the previously best known cost bound for this multivariate context. Our
cost bound O (m®~'D) in Corollary 3.1 improves upon it, since here we have muv > D.

Finally, a problem similar to Problem 11 is solved in [GRO6], except that it is not
assumed that xq, ..., x, are distinct. For simple roots and under some genericity assump-
tion on the points {(24, i1, -, Yir) hi<icy, this algorithm uses O(v**1/7) operations to
compute a polynomial () which satisfies (i), (ii), and (iii) with = 1. However, the cost
analysis is not clear to us in the general case with multiple roots (1 > 1).

3.1.3 Computing shifted Popov bases of multivariate interpolants

Here we study a slightly more general multivariate interpolation problem, Problem 12
below, motivated in particular by the interpolation step of the soft-decoding of Reed-
Solomon codes [KV03a, Section I1I|, where x4, . . ., 2, are not distinct, and by robustness of
Private Information Retrieval [DGH12|, where one wants a complete shifted reduced basis
of interpolants. The points where Problem 12 generalizes Problem 11 are the following:

e the points x1,...,x, do not have to be pairwise distinct;

e it supports a more general degree measure for interpolants, via the use of any shifted
degree instead of the weighted degree;

e it asks for a whole shifted reduced basis of interpolants, allowing in particular to
retrieve interpolants that satisfy degree constraints as explained in Remark 1.9;

e it offers more flexibility on the structure of the multiplicities of the roots, since
any monomial set which is stable under division is allowed while Problem 11 only
accepts sets defined by some total degree bound.

We will obtain an efficient algorithm thanks to a direct reduction to the problem of
computing minimal interpolant bases (Problem 4 with a Jordan multiplication matrix),
without considering solution bases (Problem 9). We recall that, while our algorithms for
solution bases are efficient only when the number of polynomial equations n is controlled
with respect to the number of unknowns m, our cost bounds concerning interpolant bases
in Theorems 2.19 and 2.20 do not involve such a restriction.

Problem. As before, we want to find a multivariate polynomial @ € K[X,Y,... Y]]

which vanishes at some given points {(zx, Yk.1, Yk.2, - - -, Ykr), 1 < k < v}. Here, we do not
require that the x; be pairwise distinct, and the points are not associated with integer
r+1

multiplicities but with prescribed supports {p, 1 <k < v} C ZZ5 .
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In this context, for a point (x,y, . ..,y,) € K" and a finite exponent set pu C Z’;Ol, we

say that a polynomial @) vanishes at (z,y1, ..., y,) with support p if the shifted polynomial
QX +z, Y1 +uy1,...,Y, + y,) has no monomial with exponent in p. When the support
has the specific form p = {(i,71,...,J4.) € ZT;Ol | i+ j1+ -+ jr < u} for some positive
integer u, then this notion of vanishing with support p coincides with the definition of
having a zero with multiplicity p given in Section 3.1.1.

Besides, in coding theory applications, the solution Q(X,Y;,...,Y,) should also have
sufficiently small weighted degree wdeg,, ., (Q) for some given weights (wy,...,w,) €
77" . Here, we will focus on a more general type of degree minimization.

To make this situation fit in the framework of shifted reduced bases of K[X]-modules,
we first require that we are given an exponent set & C ZZL; such that any monomial
Xinjl .-+ Y/ appearing in a solution @ should satisfy (jy,...,J,) €S. As a consequence,
we can write Q = Y\ csPi (X)Y{"--- Y7 and having chosen an arbitrary or-
dering of the elements in S, we can identify @ with p = [pj,, ;)¢ 5es € KX,
where m is the cardinality of S.

Furthermore, since Q(X, X*1Yy, -+ , XWY,) =3 . s Xwnjtetwedry (X)YY ) by
definition the weighted degree wdeg,, ., (Q) is precisely the s-degree of p for the shift
S = (wljl + o+ wrjr)(jl ..... Jr)ES-

Our goal will be to express the multivariate interpolation problem studied in this
section, which we are still defining, as a shifted minimal interpolant basis problem. The
link is almost complete, except for an additional assumption to ensure that the set of
solutions is a K[X]-module. We require that each considered support p satisfy

if (4,51,...,Jr) € wand i >0, then (i —1,j1,...,7,) € p. (3.1)
Then, the set

Ming = {P = [Pl Griires € KX ‘ > P (XYY

(J15--5Jr)ES

vanishes at (zx, g1, ..., Yk,) With support py, for 1 <k < 1/}

is a K[X]-module, as can be seen from the equality

This leads us to Problem 12.

In particular, since an s-reduced basis of M;,; contains a row whose s-degree is minimal
among all elements of M, one may compute an interpolant with sufficiently small
weighted degree from such a basis for a shift chosen as above. Besides, we note that in
some cases it is important to return a whole basis of interpolants and not only a single
one of small degree (see for example [DGH12|).

Reduction. We now show that this problem is a relation basis problem with the input
module being defined by a dual basis (see Section 2.1.1); as such, and since the correspond-
ing multiplication matrix of X is a Jordan matrix, it can be embedded in the framework
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Problem 12 — Minimal basis of multivariate interpolants
Input:
e pairwise distinet points {(zg, Yp1, ..., yk,r) € KM 1 <k < v},
e supports {p; C ZZ5', 1 < k < v} which all satisfy Eq. (3.1),
e exponent set § C Z% of cardinality m,
e shift s € Z™.

Output:
e a matrix P € K[X|™™ such that
o the rows of P form a basis of the K[X]-module My,

o P is s-reduced.

of minimal interpolant bases (Section 2.4). We consider the multivariate polynomial ring
K[X,Y] =K[X,Y],...,Y,] and the K-linear functionals

{Cijojor KXY =K, (51,5 Jr) € i, 1 <k < v}

where for all Q € K[X,Y], £ij,..;.x(Q) is the coefficient of the monomial X*Y{" ---Y;r
in the shifted polynomial Q(X +xx, Y1 +yk 1, .- ., Yr +yi,). These functionals are linearly
independent, and the intersection K of their kernels is the set of polynomials in K[.X, Y]
vanishing at (g, Yk, ..., Yk,) With support py for all k. The quotient K[X,Y]/R is a
K-vector space of dimension D = Dy + ---+ D, where Dy, is the cardinality of p; it is
thus isomorphic to K, with a basis of the dual space being given by the functionals.

Our assumption on the supports implies that K[X,Y]/f is a K[X]-module; we now
describe the corresponding multiplication matrix J € KP*P. For a given k, let us order
the functionals in such a way that, for any (4, j1, ..., j.) such that (¢ + 1,71,...,7,) is in
W, the successor of €;;, i s liv1j, . j, x Equation (3.2) implies that

ek (XQ) = L1 jy e k(@) + 20l 5, k(Q) (3.3)

holds for all @ € K[X,Y], all k € {1,...,v}, and all (4, j1,...,J,) € pg with i > 0.

Hence, J is block diagonal with diagonal blocks Jy,...,J,, where J; is a D; x Dy,
Jordan matrix with only eigenvalue x; and block dimensions given by the support py.
More precisely, defining

Ae ={(rs -5 0r) €25 | (4,51, -, Jr) € p for some i}

and
Dy jy....j, = max{i € Zzo | (i, 1, - -+, Jr) € Hi},
for each (ji,...,7,) € Ax, we have the disjoint union
i = U {(ivjlw"aj?")a()gi<Dk,j1,...,jr}'
(j17"'7j7‘)€Ak5

Then, J; is block diagonal with Card(Ay) blocks: to each (ji,...,J,) € Ay corresponds a
Dy ji...j, X Dy j, ....j, Jordan block with eigenvalue . It is reasonable to consider z1, ..., z,

-----
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ordered as we would like for a standard representation of J. For example, in problems
coming from coding theory, these points are part of the code itself, so the reordering can
be done as a pre-computation as soon as the code is fixed.

To complete the reduction to Problem 4, it remains to construct the input matrix of
evaluations F € K™*P. For each exponent (7i,...,7.) € S we consider the monomial
Y-+ Y and take its image in K[X,Y]/&: this is the vector £, . € K” having
for entries the evaluations of the functionals ¢;;,  ;  at Y7 --- Y. Let then F be
the matrix in K™*? with rows (£51, ) (1,e)es: our construction shows that a row
P = [Pyr,v) (yrryes € K[X]™ is in My if and only if it is an interpolant of Syzy(F).

Result. To make the above reduction to Problem 4 efficient, we make the assumption
that the exponent sets S and py are stable under division. This means that if some
exponent (ji,...,7,) is in S then all (ji,..., ) such that j; < j1,..., 7. < j,. also belong
to §; and similarly if (¢, 71,...,7,) is in a support py, then all (¢, 71,...,7.) such that
i <i,j1 < J1,- .-, < Jr belong to py.

This assumption is satisfied in all the particular cases we will consider, where S and
the pi are often given through a bound on the total degree of their elements, as in
Sections 3.1.1 and 3.1.2. For example, in applications to list-decoding algorithms we
typically have S = {(j1,....Jr) € Z%y | j1+---+j- < A} for some positive integer A; in
this context, we thus have m = (TJT”\), and the parameter D = Card(p) + - - -+ Card(p,)
is sometimes called the cost [KV03a, Section III|. As a side note, we also remark that this
assumption also implies that K is a zero-dimensional ideal of K[X, Y.

Most importantly, using the straightforward extension of Eq. (3.3) to multiplication
by Yi,....,Y,, it allows us to compute all entries ¢;;, . x(Y7"---Y") of the matrix F
inductively in O(mD) operations, which is negligible compared to the cost of solving the
resulting instance of Problem 4.

We then get the following result as a corollary of Theorems 2.19 and 2.20. We refer
to Theorem 2.12 concerning the case where D = Card(py) + - - - + Card(p,) is in O(m),
where m = Card(S).

Corollary 3.2. Let D be the sum of the cardinalities of the multiplicity supports, let m be
the cardinality of S, and assume that S and py, ..., pu, are stable under division. There
15 a deterministic algorithm which solves Problem 12 using

O(m*~'M(D)log(D) log(D/m) +m*~'M(¢) log(¢/m))

operations in K, where £ = |s — min(s)|. Furthermore, for an arbitrary shift s, there is a
deterministic algorithm which solves Problem 12 using

O(m*~'M(D)log(D) log(D/m)?)
operations in K and which returns the s-Popov basis of Miy.

The term O(m“~'M(€) log(£/m)) in the first cost bound can be neglected if £ € O(D);
this is for example the case in the contexts of bivariate interpolation for soft- or list-
decoding of Reed-Solomon codes, as detailed below in Section 3.1.4. Thus, in these
contexts, the logarithmic factor in the cost is in O(log(D)?), as we claimed in Table 3.1.
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However, we do not have such a bound on ¢ in the list-decoding of Parvaresh-Vardy
codes and folded Reed-Solomon codes. Thus, in these cases we rely on the second al-
gorithm, and the logarithmic factor in the cost bound is log(D)3. To the best of our
knowledge, this is the best known cost bound for a deterministic algorithm for these
list-decoding problems, improving upon [Bus08, BralO, CH12|. For this particular case,
a slightly faster, but probabilistic, algorithm was presented in Section 3.1.1, with cost
bound O(m“~'M(D)log(D)) (see Corollary 3.1).

The algorithm of Section 3.1.1 does not cover the same generality, as summarized at
the beginning of this section. In particular, it requires xi,...,z, to be distinct and it
returns a single interpolant which satisfies prescribed degree constraints. It is sometimes
important, for example in the use of list-decoding algorithms for Private Information
Retrieval [DGH12|, to return the whole basis of interpolants. To the best of our knowledge,
our algorithm is the first one which costs O7(m“~'D) for this task; this improves in
particular on the approach of [Bus08, Bral0, CH12| based on row reduction, which we
presented in Section 3.1.2. There are also interesting situations where z, ..., z, are not
distinct, as we detail now in the next section.

3.1.4 Soft-decoding of Reed-Solomon codes

Kotter and Vardy developed an extension of the Guruswami-Sudan algorithm to the con-
text of soft-decoding of Reed-Solomon codes, where one has reliability information on the
symbols of the received word. This algorithm involves the soft-interpolation step [KV03a,
Section ITI| which deals with Problem 12 with » = 1 and § = {0,...,m — 1}; here, the
points x1, ..., x, are not necessarily pairwise distinct, and to each xj, for 1 < k < v is asso-
ciated a multiplicity parameter yu; and a corresponding support py, = {(4,7) | i+ < px}-
In [KV03al, the quantity D = Y, ("*") is called the cost; we recall that it corre-
sponds to the number of linear equations over K that one obtains after linearizing the
condition of belonging to the interpolant module Mjy;.

As explained above, here the shift s takes the form s = (0, w, 2w, ..., (m — 1)w), with
w + 1 being the message length of the considered Reed-Solomon code. In this context,
one chooses for m the smallest integer such that the number of linear unknowns in the
linearized problem is more than D. Because this number of unknowns is directly linked to
|s|, this leads to the bound |s| € O(D), which can be proven for example using [KV03a,
Lemma 1 and Equations (10) and (11)]. Thus, from Corollary 3.2, our algorithm solves
the soft-interpolation step using O(m*~*M(D)log(D)log(D/m)) operations in K. To the
best of our knowledge, this is the best known cost bound to solve this problem.

The iterative algorithms in [Bec92, VBB92, K5t96, NH00, McE03|, which we men-
tioned in Section 3.1.2 concerning the Guruswami-Sudan interpolation step, also work
in this more general situation. They use O(mD?) operations in K, since the considered
input shift satisfies s —min(s)| € O(D). Based on the same recurrence relations, our fast
Algorithm 28 can be seen as a divide-and-conquer version of these algorithms.

A previous divide-and-conquer algorithm can be found in [Nield|, focusing on the
case of identical multiplicities g4 = puy = -+ = u,. The recursion is on the number of
points v, and using fast multiplication of the bases obtained recursively, this algorithm
has cost bound O(m?Du)+ O (m¥D/u) [Niel4, Proposition 3|. Both terms in this bound
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are larger than the cost O°(m“~!D) obtained here; we note that in [Niel4], the bases
computed recursively may have size as large as ©(m?D/u), with g < m, while in our
algorithm their size is always bounded by O(mD) (in this case with |s —min(s)| € O(D)).
While the algorithm of [Niel4| can be adapted to the case of distinct multiplicities, it is
not clear to us what cost bound this would lead to.

The approach based on row reduction of a polynomial matrix, mentioned in Sec-
tion 3.1.2, was also developed for this more general interpolation problem in [Ale02,
Ale05, LOO06|. It consists in first building a basis A € K[X]™*™ of the K[X]-module
of interpolants Mj,;, and in then reducing this basis for the given shift s to obtain a
s-minimal basis of interpolants. The maximal degree in A is

5= Z max{y; | 1 <i<vanduxz =25}
B Card{1<i<v | &y =a})

1<k<v

one can check using pp < m for all k that

D= Y uk(ug+1)<@ 3 ngm_ﬁ_

1<k<v 1<k<v

Using the fast deterministic reduction algorithm in [GSSV12|, this approach has cost
bound O(m“M(B)(log(m)? +1og(83))); the cost bound of our algorithm is thus smaller by
a factor O"(mp/D).

In [Zeh13, Section 5.1] the so-called key equations commonly used in the decod-
ing of Reed-Solomon codes were generalized to this soft-interpolation step. We de-
tail in Section 11.2.4 how to adapt our results based on fast structured linear alge-
bra (Theorem 2.25 and Corollary 3.1), in order to solve these equations efficiently. In
this approach, the set of points {(xy,yx),1 < k < v} is partitioned as Py U --- U P,,
where in each set P;, the points have pairwise distinct z-coordinates. We further write
p™ = max{u, | 1<i<vand (zx,y:) € Py} for each h, and n = 37, ™. Then,
the cost bound of this approach is O((m + n)*~!M(D)log(D)), with a probabilistic al-
gorithm. We note that n may be significantly larger than m. Our algorithm supporting
Corollary 3.2 is deterministic and has a better cost.

All the mentioned algorithms for the interpolation step of list- or soft-decoding of Reed-
Solomon codes, including the ones presented in this thesis, can be used in conjunction
with the re-encoding technique [WB86, KV03b] for the decoding problem (see for example
Section 11.2.2).

3.1.5 General Coppersmith technique over K|X]

The Coppersmith technique [Has86, GTV90, Cop96, HGO1| primarily refers to a lattice-
based method to compute small modular roots of a polynomial F'(Y') over the integers Z.
It has been largely studied in the last twenty years, in particular for its applications in
cryptography, and extends to polynomials over several other domains [CH15|.

Here, we focus on the case of a polynomial F'(Y') over the univariate polynomials K[X].
We will see that the list-decoding problem for Reed-Solomon codes [GS99| precisely asks
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to compute a small modular root, and therefore that the Guruswami-Sudan algorithm
can be interpreted as an instance of the Coppersmith technique [Ber1l, CH11].

We will present the Coppersmith technique over K[X] and then focus on its first
step, called the interpolation step. We show that this step can be efficiently reduced to
a system of linear modular equations over K[X|; solving the latter with the algorithms
presented above leads to an improvement upon previous algorithms, which rely on fast row
reduction. The problem reduction we give can be seen as a generalization of the derivation
of extended key equations in the reduction of the Guruswami-Sudan interpolation step to
a system of modular equations [RR00, ZGA11]| (see also Section 11.1).

In what follows, K[X][Y] stands for the set of univariate polynomials in Y over K[X].
While this is essentially the set of bivariate polynomials in X and Y, in the context here
we will most often see its elements as univariate polynomials.

Small modular roots. In its version over K[X], the Coppersmith technique solves
Problem 13.

Problem 13 — Small modular roots
Input:
e positive integers d and v,
e nonnegative integers w and t,
e M € K[X] of degree v,
e F e K[X][Y] monic of degree d with coefficients of degree < v.

Output:
e all polynomials p € K[X] such that
o deg(ged(F(p), M)) > t;

o deg(p) < w.

We note that one may consider M monic without loss of generality. The size of the
input, in terms of the number of field elements used to represent it, is at most dv for F'
and v for M. The size of the output is not obvious to analyze: the number of solutions
depends on the four parameters d, v, w and ¢, and may be exponential in d or v.

Under the assumption ¢? > wvd, the K[X] version of the Coppersmith technique solves
Problem 13 in time polynomial in d and v, with two main steps:

e the interpolation step which builds a polynomial @ € K[X][Y] that satisfies Q(p) = 0
for all p that are solutions to Problem 13;

e the root-finding step which computes the roots of Q(Y") in K[X| and returns those
that are actual solutions to Problem 13.

For more details, we refer to the discussion after Problem 14, and to [CH11, CH15].
The decoding of Reed-Solomon codes can be seen as a particular case of this problem.
In that context, w + 1 is the message length (or dimension of the code) and v — ¢ is an
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upper bound on the number of errors that can be corrected by the decoder. We have
as input the code evaluation points x1,...,x,, which are pairwise distinct in K, as well
as a received word (yi,...,y,) € K. Then, the goal is to find all p € K[X] such that
deg(p) < w and p(x;) = y; for at least ¢ values of ¢ € {1,...,v}; the number of such i’s is
the number of correct locations, called the agreement.

Let us define L as the Lagrange polynomial such that L(z;) = y; for all 7, as well as
M=(X-x) (X —x,) and F =Y — L. Then, by construction deg(gcd(F(p), M))
counts the number of indices i for which p(z;) = y;: it measures the agreement, for a
given p € K[X]. As a result, for this particular input M and F, Problem 13 precisely
corresponds to the decoding problem. Depending on the parameters, it can be solved
by unique decoders such as the Welch-Berlekamp algorithm [WB86|, or by list-decoders
such as the Guruswami-Sudan algorithm [GS99], or it can have an exponential number of
solutions (only if 2 < wv).

Remark 3.3. Most previous works on the latter algorithm focus on reducing the cost
of the interpolation step; we refer to Section 3.1.2 for an overview. Algorithms for the
root-finding step have been discussed for example in [RR00, Ale05, Rot07, Ber11|. While
this second step has been considered until now as negligible in terms of efficiency, recent
progress on the first step is closing the gap between the two, at least from a theoretical
point of view. Therefore, it seems that a proper study should be conducted with regards
to possible improvements on the root-finding step. -

The interpolation step. In this document, we focus on the interpolation step, which
can be formalized as follows (Problem 14).

Problem 14 — Interpolation step
Input:
e positive integers d and v,
e nonnegative integers w and t,
e M € K[X] of degree v,
e [ € K[X][Y] monic of degree d with coefficients of degree < v.
e positive integer pu.

Output:
e a nonzero polynomial @) € K[X][Y] such that
o ( belongs to the ideal

T = (M,FY"* = (M" M"'F,... MF* F#.

o degx (Q(X"Y)) < pt.

Writing Q = Qo+ Q1Y +Q2Y?+- - -, the second item requires that deg(Q;) < ut — jw
for all j < degy (Q). One may note that this corresponds to requiring that, seeing @
as a bivariate polynomial, its w-weighted degree be less than put. In particular, degy (Q)
cannot grow arbitrarily large: it is bounded from above by ut/w.
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As in list-decoding algorithms, the integer p is called the multiplicity parameter and is
introduced to make the technique work in more cases. For example, the Sudan algorithm
[Sud97] is with ¢ = 1 and is able to correct up to about v — v/2wv errors, while the
Guruswami-Sudan algorithm [GS99]| improves this bound to v — \/wv by using u > 1.

To briefly justify this interpolation step, suppose that we have computed a solution @)
to Problem 14. Then, every solution p to Problem 13 satisfies

e deg(ged(F(p), M)) >t and thus deg(ged(Q(p), M*)) > ut since @) belongs to Z,

e deg(p) < w and thus deg(Q(p)) < degx (Q(X™Y)) < ut,

which together imply Q(p) = 0. Therefore, having @, to solve Problem 13, it remains to

compute its roots over K[X] and to verify which of them are solutions to Problem 13.
The choice of the parameter ¢ = 1 can be done by counting how many linear unknowns

and linear equations we have in the K-linear system corresponding to the given instance

of Problem 14, and by taking pu sufficiently large so that there are more unknowns than

equations. This is only feasible under some assumption on the parameters v, d, w, t.
Namely, assuming that t* > wvd, one may choose

L {w(ud — 1)

t
1 = | u— 4
2 — wudJ 1 and A {qu ’ (3.4)

which are such that there is a solution @) to Problem 14 with degy (Q) < A. Indeed, this
choice implies the inequality

St —jw) > S (u—ijwd, (35)

J<A i<p

which precisely states that there are more unknowns than equations in the linearized
problem. (We will also derive this inequality from the reduction-based approach in Sec-
tion 10.1.) We remark that A is called the list-size parameter, since it also bounds the
number of solutions to Problem 13. We deduce that this number is at most A\ < 2tvd.

Result. In the case of Reed-Solomon list-decoding, in Section 3.1.2 we mentioned algo-
rithms based on a linearization into a structured system over K, others using a top-down
approach relying on row reduction, and finally those following a bottom-up, incremental
procedure. Some of these algorithms exploit the known roots of M, such as the bottom-up
ones and the one in [OS99] which involves block-Vandermonde matrices. In general, these
roots are unknown and may not be in K.

On the other hand, the top-down approach can be seen as the polynomial counterpart
of the CRT list-decoding in [Bon02|, as stated in [Rei03], and directly generalizes to any
inputs M and F'. As such, it is the analogue of the general Coppersmith technique over
the integers; we present it in more detail in Section 10.1, following [CH15|. This solves
Problem 14 using O™ (A\“uv) operations in K.

Then, we extend our improvement of the interpolation step in the Guruswami-Sudan
algorithm (Section 3.1.2) to the more general context here. We show how the first require-
ment on () in Problem 14, that it belongs to Z, can be efficiently rewritten as a system
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of linear modular equations over K[X| (Section 10.2). Using our fast algorithms for such
systems, this allows us to solve Problem 14 using O (\“~!p2vd) field operations. This is
a speed-up factor of A/(ud) with respect to the previously fastest known algorithm; we
have A > ud by choice of the parameters.

Compared to the generalization of the extended key equation of [RR00, ZGA11] to
several variables and more general constraints (Sections 3.1.2 and 11.1), which was based
on Hasse derivatives, here we perform the reduction to a system of equations without
requiring the knowledge of roots and multiplicities of the modulus M. While we present
it only in the case of one variable Y, we expect that this extends to several variables.

Remark 3.4. Multivariate extensions of Problem 13 arise in list-decoding problems, namely
for Parvaresh-Vardy codes and folded Reed-Solomon codes [PV05, GR08|, and in questions
related to robustness in Private Information Retrieval [DGH12|. With several variables,
the root-finding step becomes more involved. Besides, in [DGH12| the interpolation step
should output several independent @) in order to be able to find the roots; a single one is
sufficient in list-decoding contexts because there are others that we know by construction.
Another issue in multivariate extensions of Problem 13 is the choice of parameters: in
this case as well, it is made so that some well-identified inequality is satisfied, yet we do
not have a nice closed-form expression, to the best of our knowledge. -

3.2 Computing shifted Popov forms of polynomial ma-
trices

In this section, we present our results concerning the computation of shifted Popov forms
of polynomial matrices. We give three main contributions. First, we adapt a technique
from [GSSV12] to give a reduction of the degrees in the input matrix which behaves well
regarding shifted Popov form computation; while it only slightly increases the dimensions,
it also ensures that the degree is at most the average column and row degrees of the original
matrix. Second, we give a fast, Las Vegas randomized algorithm to compute shifted Popov
forms for an arbitrary shift, relying on Smith form computations [Sto03, GS11, Gupll]|
and on our result on fast shifted Popov solution basis from Section 2.5. Finally, we
design a similarly fast, yet deterministic algorithm for the particular case of Hermite
form computation. The latter algorithm starts by computing the diagonal entries of the
Hermite form, which may be modified to deterministically yield the determinant of a
polynomial matrix.

3.2.1 Overview

Our problem asks to find canonical forms of polynomial matrices: given a polynomial
matrix A and a shift s, we want to compute the s-Popov form of A. This situation differs
from those studied above in this document, for the following reason. In the computation of
relation bases and its variants presented in Chapter 2, the module of which we wanted to
compute a shifted Popov basis was given to us implicitly, essentially via a set of equations.
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Here, we are interested in the K[X]-module M generated by the rows of the input matrix
A, also called the row space of A: it is is described explicitly, by a generating set.

As in most previous work on fast algorithms for this kind of question, we will focus on
computing shifted Popov forms of square nonsingular matrices. The general case of an
input matrix which is rectangular or does not necessarily have full rank has been studied
in [BLVO06]; a fast solution would require further developments. In terms of modules,
assuming that A has full rank means that the rows of A form a basis of its row space M,
and we want to unimodularly transform this basis of M into the one in s-Popov form. At
the same time, assuming that A is square means that we focus on the case of a module
M of finite codimension deg(det(A)). Being in this situation will in particular help us to
better control the degrees in the matrices that we manipulate during the computation.

Problem 15 — Shifted Popov form
Input:

e a nonsingular matrix A € K[X]™*™,
e a shift s € Z™.

Output:
e the s-Popov form of A.

Two particularly interesting specific cases of Problem 15 are the computation of the
Popov form [Pop72, Kai80| for the uniform shift s = 0, and of the Hermite form [Her51,
Kai80] for the shift h = (0,6,26,...,(m — 1)) € ZZ, where 6 = mdeg(A). As we
have discussed in Chapter 1, in addition to some normalization property, the Popov form
essentially asks that the row degrees be minimal, while the Hermite form asks that the
matrix be triangular. For a broader perspective on the computation of shifted reduced
forms, we refer the reader to [BLV99, BLV06].

Problem 16 — Hermite form
Input:
e a nonsingular matrix A € K[X]™*™.

Output:
e the Hermite form of A.

During the past decade, there has been a goal to design algorithms that perform
various K[X]-linear algebra operations in about the time that it takes to multiply two
polynomial matrices having the same dimensions and degree as the input matrix, namely
at a cost O (m~d). Probabilistic algorithms with such a cost already exist for a number of
polynomial matrix problems, for example for linear system solving [Sto03], Smith normal
form computation [Sto03|, row reduction [GJV03], and small kernel bases computation
[SV05]. Concerning polynomial matrix inversion, the algorithm in [JV05] costs O7(m3d),
which is quasi-linear in the number of field elements used to represent the inverse. Re-
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cently, deterministic fast algorithms have been given for linear system solving [GSSV12],
minimal kernel bases [ZLS12|, and matrix inversion [ZLS15].

For Hermite form computation, Gupta and Storjohann [GS11]| gave a Las Vegas ran-
domized algorithm with expected cost O7(m3d), later improved to O7(m®d) in |Gupll].
Their algorithm was the first for this task to be both softly cubic in m and softly linear in d.
Furthermore, a deterministic algorithm in O (m®d) has been given for the computation
of O-reduced forms and the normalization into 0-Popov form [GSSV12, SS11].

In this document, to the best of our knowledge, we give the first algorithm with
cost bound O7(m“d) to solve Problem 15 for an arbitrary input shift; this algorithm is
presented in Section 3.2.2 and is probabilistic. Furthermore, we design a deterministic
algorithm in O (m“d) for the specific case of Hermite form computation, by exploiting its
triangular shape; this is presented in Section 3.2.3.

Yet, in some cases, the cost bound O7(m®“d) may be unsatisfactory, namely if the
degree d is significantly larger than the average degree of the entries of the matrix A.
Recently, it has been a goal to obtain cost bounds that take into account some types
of average degrees of the matrices rather than their maximum degree. This has already
been achieved for the computation of order bases [Sto06, ZL12|, kernel bases [ZLS12],
and matrix inversion [ZLS15]. We also achieve this here for the computation of relation
bases, since our results summarized in Chapter 2 involve the average column degree of
the output in the cost bounds.

Here, we obtain a similar improvement for the computation of shifted Popov forms
of a matrix. For this, we make use of the partial linearization framework in [GSSV12,
Section 6] and the related generic determinant bound Da for a matrix A € K[X|™*™; we
introduce this quantity in our cost bounds. Details about Dy are given in Section 15.1,
where we also give more insight into our interest in expressing our cost bounds with Dj,
rather than deg(A) for example. This can be summarized into the fact that Da better
reflects the distribution of the degrees in A than deg(A); in particular, Da /m is upper
bounded by both the average row degree and the average column degree of A.

We will prove the following statement, which shows that for any instance of Problem 15
or Problem 16 one may always reduce the degrees in the input matrix so that it is not
much larger than Da /m. Furthermore, this is done with only a moderate increase of the
dimensions of the matrix.

Theorem 3.5. Let A € K[lexm be nonsingular, and let s € Z™. Using no operation
in K, one can build a matriz A € K[X]™™ and a shift § € Z™ such that

~

(i) m < m < 4m and deg(A) < 3(1 + Da/m),
(11) the s-Popov form of A is the leading principal submatriz of the §-Popov form of A,
(111) the Hermite form of A is the leading principal submatriz of the Hermite form of A.

We give a summary of the cost bounds of known fast algorithms for the computation
of shifted Popov forms in Table 3.2.

Remark 3.6. From Theorem 3.5, we deduce that any algorithm which computes the Her-
mite form of A in O7(m* deg(A)) operations can be transformed into an algorithm which
computes the Hermite form of A in O7(m“[Da/m]) operations.
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However, the same remark does not hold for an algorithm that would focus on the
uniform shift s = 0. Indeed, the corresponding transformed shift § is not uniform anymore,
and will actually have amplitude max(§) — min(§) at least deg(A). In other words, with
this technique to take average degrees into account, computing a 0-Popov form reduces
to computing a shifted Popov form for a non-uniform shift. This is a further motivation
for studying the computation of shifted Popov forms for arbitrary shifts.

In particular, although a deterministic O7(m® deg(A)) algorithm for the 0-Popov form
is known [GSSV12, SS11]|, the degree reduction in Theorem 3.5 does not imply that we
can compute the 0-Popov form deterministically in O™ (m“[Da/m]) operations; to the
best of our knowledge, how to do this is still an open question. =

Table 3.2: Fast algorithms for shifted reduced forms and shifted Popov forms of a poly-
nomial matrix (d = deg(A); » = probabilistic; amp(s) = max(s) — min(s)).

Algorithm Problem Cost bound
Hafner-McCurley [HM91| Hermite form O (m*d)
Storjohann-Labahn [SLI6] Hermite form O~ (m“*1d)
Villard [Vil96] Popov & Hermite forms | O°(m“ld + (md)*)
Alekhnovich [Ale02, Ale05] weak Popov form O~ (m¥*'d)
Mulders-Storjohann [MS03b] Popov & Hermite forms O(m?d?)
Giorgi et al. [GJV03| 0-reduction O™ (m“d)
Sarkar-Storjohann [SS11| Popov form of 0-reduced O~ (m*d)
Gupta-Storjohann [GS11] Hermite form O~ (m¥“d)
Gupta et al. [GSSV12] 0-reduction O~ (m~“d)
Folklore, using [GSSV12, SS11]| | s-Popov form for any s | O"(m“(d + amp(s)))
Zhou-Labahn [Zhol2, Z116] Hermite form O™ (m~“d)
Theorem 3.7 and Chapter 15 | s-Popov form for any s O (m*[Da/m])
Theorem 3.9 and Chapter 16 | Hermite form for any s O™ (m“[Da/m])

Let us give some more details about the case of an arbitrary shift s. First, in [BLV06],
shifted Popov forms are computed for arbitrary shifts, via the computation of kernel
bases and relying in particular on [BL0O, Algorithm FFFG]|; the number of operations is,
depending on s, at least quintic in m and quadratic in deg(A). However we note that
comparing this cost to ours would be unfair, since one of the focuses in [BLV06] is to obtain
a fraction-free approach, and furthermore the algorithm also returns a transformation from
A to its normal form.

Second, for an arbitrary shift s, there is a folklore reduction to the uniform case, which
is based on the fact that a matrix Q is in s-Popov form if and only if QXS ™) is in
0-Popov form. Then, given A, one would first compute the 0-Popov form P of AXs—min(s)
using [GSSV12, SS11] and then return PX™™®)=s = This technique is used for example in
the list-decoding of Reed-Solomon codes via the reduction of a K[X]-module basis, as in
[Ale05, Niel3, CH15].

108



3.2. Computing shifted Popov forms of polynomial matrices

Yet, this approach is not efficient when the amplitude amp(s) = max(s) — min(s)
of the shift is large, since the reduction leads to compute a 0-reduced form of a matrix
AXs~™min(s) with large degrees. In general, this solves Problem 15 in O™ (m*(d + amp(s)))
field operations; for example, this cost is O"(m*“*2d) if one wants to compute the Hermite
form of A as in Problem 16, thus choosing the shift h given above. This is in fact a
worst-case situation: as we have seen in Section 1.2.2, one can assume without loss of
generality that amp(s) € O(m deg(det(A))) C O(m?d).

3.2.2 Computing shifted Popov forms for arbitrary shifts

We obtain the following result, which is a consequence of Proposition 15.9 and the corre-
sponding Algorithm 36.

Theorem 3.7. Problem 15 can be solved by a Las Vegas randomized algorithm which uses
an expected number of

O (m“[Da/m]) S O"(m”deg(A))

operations in K, assuming that the cardinality of K is at least 8(4m)*(3+3Da/m) for the
left-hand cost bound, and at least 8m? deg(A) for the right-hand cost bound.

In this cost bound, the ceiling function indicates that the cost is O7(m®) when Dy is
small compared to m. We note that, in this case Da € O(m), the matrix A has mostly
constant entries, and usually, one is rather interested in situations where m € O(Da).
Then, the cost bound above may be written O™ (m“~!'D,); in terms of average row or
column degrees, this is both in O7(m*~!|rdeg(A)|) and in O"(m*~!|cdeg(A)]).

The cost bound that we obtain here is, to the best of our knowledge, the best known
cost bound for an arbitrary shift s. Compared to the folklore solution mentioned above,
it removes the dependency in amp(s), which means in some cases a cost bound smaller by
a factor m?. Besides, computing shifted forms for arbitrary shifts also allows us to obtain
an improvement for the specific case of the uniform shift when A has unbalanced degrees.
Indeed, to the best of our knowledge, no previously known algorithm computes the O-
Popov form of A using O7(m*~1D,) operations, or within a similar bound taking into
account the average row or column degree. Interestingly, as mentioned in Remark 3.6,
we achieve this here by relying on the computation of a shifted Popov form of some
transformation of A.

One of the main difficulties in row reduction algorithms is to control the size of the
manipulated matrices, that is, the number of coefficients from K needed for their dense
representation. A major issue when dealing with arbitrary shifts is that the size of an s-
reduced form of A may be beyond our target cost, as explained in Section 1.2.2. This gives
a further motivation for focusing on the computation of the s-Popov form of A, besides
the fact that it is canonical: by definition, the sum of its column degrees is deg(det(A)),
and therefore its size is at most m? + m deg(det(A)), independently of s.

As a simple example, consider A = [(I) g] for any 0-reduced B € K[X]™*™. Then,
taking s = (0,...,0,d,...,d) with d > 0, [ég] is an s-reduced form of A for any
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C € K[X]|™™ with deg(C) < d; for some C it has size ©(m?d), with d arbitrary large
independently of deg(A).

Another important obstacle, this one independent of the shift, is that the size of the
unimodular transformation leading from A to P may be beyond the target cost bound.
This is the main reason why fast algorithms for 0-reduction and Hermite form computation
do not directly perform unimodular transformations on A to reduce the degrees of its
entries. Instead, they proceed in two steps: first, they work on A to find some equations
which describe its row space, and then from these equations they reconstruct a basis
of solutions to these equations in O-reduced form or Hermite form. One may note the
similarity with the two-step strategy that we outlined in Section 2.2.3 concerning the
change of monomial order for a zero-dimensional ideal.

Here, we will follow a similar path to solve Problem 15 for an arbitrary shift. Yet, it
seems that some new ingredient is needed, since for both Popov form and Hermite form
computations, the fastest known algorithms use shift-specific properties at some point of
the process. Namely, they exploit the facts that a 0-reduced form of A has degree at most
deg(A) and, on the other hand, that the Hermite form of A is triangular. In the general
case, the s-Popov form of A is not necessarily triangular, and it can have degree as large
as mdeg(A).

As the first step, to find the equations we follow the idea of [GS11]: we first compute
the Smith form S of A and a corresponding right unimodular transformation F with its
columns reduced modulo the entries of S; this is where the probabilistic aspect of the
algorithm comes from. These matrices S and F give a description of the row space of A
as the set of row vectors p € K[X]"*™ such that pF = ¢S for some q € K[X]"*™. In
other words, the row space of A is {p € K[X]"*™ | pF = 0 mod S}; since S is diagonal,
this can be seen as a system of linear modular equations as in Problem 9. Then, as the
second step, we efficiently find the s-Popov solution basis for this system by relying on
our algorithm for Problem 9, which is our new ingredient.

3.2.3 Deterministic computation of Hermite forms and determi-
nants

Now, we discuss our algorithms for the fast, deterministic computation of the determinant
and Hermite form of a nonsingular polynomial matrix. These results were obtained in a
joint work with George Labahn and Wei Zhou |[LNZ16].

Diagonal entries and determinant. The common thread in both algorithms is a
method for the fast computation of the diagonal entries of a matrix triangularization; a
preliminary version of this method was described in [Zho12, ZL.14a]. The product of these
entries gives, at least up to a constant, the determinant. Concerning the Hermite form,
the degrees of the diagonal entries correspond to the shifted minimal degree of the sought
matrix, which we use to design a new reduction to the problem of 0-row reduction, as
detailed in Theorem 3.10 below.

In the case of determinant computation, there has been a number of efforts directed to
obtaining algorithms whose complexities are given in terms of the exponent w of matrix
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multiplication. Interestingly enough, in the case of matrices over a field, it was showed in
[BHT74] that if there exists an algorithm for matrix multiplication for some exponent w,
then there also exists an algorithm for determinant computation with the same exponent.

In the case of the determinant of a polynomial matrix A with deg(A) = d, a recur-
sive deterministic algorithm was given in [Sto00] making use of fraction-free Gaussian
elimination with a cost of O"(m*“*1d) operations. A deterministic O(m3d?) algorithm was
later given in [MS03b|, modifying an algorithm therein for weak Popov form computation.
Using low rank perturbations, a probabilistic determinant algorithm using O~ (m?+«/2d)
field operations was proposed in [EGV00]. Later, [Sto03] used high order lifting to give a
probabilistic algorithm which computes the determinant using O™ (m“d) field operations.
The algorithm in [GJV03| has a similar cost but only works on a class of generic input
matrices, matrices that are well behaved in the computation.

Similarly, there has been considerable progress in the efficient computation of the
Hermite form of a polynomial matrix. Algorithms with a complexity bound of O™ (m*d)
operations from K were given in [HM91] and [11i89], where d = deg(A). In these references,
the size of the matrices encountered during the computation is controlled by working mod-
ulo the determinant. Using matrix multiplication, the algorithms in [HM91, SL96, Vil96|
reduce the cost to O"(m“*1d) operations where w is the exponent of matrix multiplication.
The algorithm in [SLI6| worked with integer matrices but the results directly carry over
to polynomial matrices. In [MS03b|, an iterative algorithm having complexity O(m3d?)
was given, thus reducing the exponent of m but at the cost of increasing that of d.

Our approach relies on an efficient method for determining the diagonal elements of a
triangularization of the input matrix A. We do this by determining a partition

U, (B 0|
UA_lUd] A, A,,]_L BJ_B,

where U is a unimodular matrix, A, has m/2 columns, U, has m/2 rows, and By has
dimensions (m/2) x (m/2). (The subscripts for A and U are meant to denote up, down,
left, and right.) Similar transformations were used for example in algorithms for inversion
[JV05, ZLS15]. Since A is nonsingular, A, has full rank and hence U, is a kernel basis
for A,; furthermore, B; is nonsingular and is therefore a basis of the row space of Ay.

Then, computing such partitions for the two matrices B; and By having half the
dimension of A, and continuing the process recursively until reaching dimension m = 1,
we obtain the diagonal entries of a triangular form of A. Up to making them monic, these
are the diagonal entries of the sought Hermite form of A.

Unfortunately, as described above, such a recursion is not necessarily efficient for our
applications. In the case of determinants, UA being lower triangular implies that we
need both the product of its diagonal entries and also the determinant of the unimodular
multiplier U. For the case of Hermite form computation, a sensible approach would be
to first determine a complete triangular form of A and then reduce the lower triangular
elements using the diagonal entries with unimodular operations. In both applications
it appears that we would need to know U. However the degrees in such a unimodular
multiplier can be too large for efficient computation. Indeed there are examples where
the sum of the degrees in U is ©(m3d) (see Section 16.2), in which case computing U is
beyond our target cost O"(m“d).
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In order to achieve the desired efficiency, our triangularization computations need to be
done without actually determining the entire unimodular matrix U. We accomplish this
by making use of shifted minimal kernel bases and column bases of polynomial matrices,
whose computations can be done efficiently using algorithms from [ZLS12] and [ZL13].
Here, shifts basically help us to control the computations using row degrees rather than
the degree of the polynomial matrix. Using the degree becomes an issue for efficiency
when the degrees in the input matrix vary considerably from row to row. We remark
that shifted minimal kernel bases and column bases, used in the context of fast block
elimination, have also been used for deterministic algorithms for inversion [ZLS15] and
unimodular completion [ZL14b] of polynomial matrices.

Fast algorithms for computing shifted minimal kernel bases [ZLS12] and column bases
[ZL13] imply that we can deterministically find the diagonals in O™ (m“[s]) field opera-
tions, where s is the average row degree of A. We recall that the ceiling function indicates
that for matrices with very low average row degree s € o(1), this cost is still O"(m*). By
modifying this algorithm slightly we can also compute the determinant of the unimodular
multiplier, giving our first contribution. Here Dj < s is the generic determinant bound
as above (see Section 15.1 for more details).

Theorem 3.8. Let A be a nonsingular matriz in K[X]™* ™. There is a deterministic
algorithm which computes the determinant of A using

O " (m*[Da/m]) € O (m” deg(A))

operations in K.

Hermite form. Applying our fast diagonal entry algorithm to the computation of the
Hermite form involves more technical challenges. It solves the difficulty related to the
unpredictability of the degrees in the Hermite form H of A. Indeed, we know that the
sum of the diagonal degrees in H is deg(det(A)) < md, and since these bound the column
degrees, the sum of the degrees in H is O(m?d). On the other hand, the best known a
priori bound for the degree of the i-th diagonal entry is (m — i + 1)d and hence the sum
of these bounds is O(m?d), a factor of m larger than the actual sum. Still, having the
diagonal degrees, it remains a major task: that of computing the remaining entries of H.

The probabilistic algorithm of Gupta and Storjohann [GS11, Gupl1| solves the Her-
mite form problem using two steps, which both make use of the Smith normal form S
of A and partial information on a left multiplier V for this Smith form. The matrices
S and V can be computed with a Las Vegas randomized algorithm using an expected
number of O7(m“d) field operations [GS11, Gupll]|, relying in particular on high-order
lifting [Sto03, Section 17]. The first step of their algorithm consists of computing the
diagonal entries of H by triangularization of a 2m x 2m matrix involving S and V, a
computation done in O7(m“d) operations [Gupl1|. The second step sets up a system of
linear modular equations which admits A as a basis of solutions: the matrix of the system
is V and the moduli are the diagonal entries of S. The degrees of the diagonal entries
obtained in the first step are then used to find H as another basis of solutions of this
system, computed in O (m®d) |[GS11] using in particular fast minimal approximant basis
and partial linearization techniques [Sto06, ZL12].
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The algorithm presented here for Hermite forms follows a two-step process similar
to the algorithm of Gupta and Storjohann, but it avoids using the Smith form of A,
whose deterministic computation in O7(m“d) still remains an open problem. Instead, as
explained above, we compute the diagonal entries of H deterministically using O™ (m“[s])
field operations, where s is the average of the column degrees of A. As for the second
step, we note that the tuple of diagonal degrees of H also coincide with the h-minimal
degree of the row space of A, where h is the Hermite shift described above. Knowing this
minimal degree, we use the ideas in Section 1.2.1 as well as partial linearization techniques
from [GSSV12, Section 6] to show that H can then be computed via a single call to fast
deterministic row reduction |[GSSV12| using O™ (m®“d) field operations. This new problem
reduction illustrates the folklore fact that knowing in advance the degree shape of reduced
or normal forms makes their computation much easier, something already observed and
exploited in [GS11, Zhol2] and Section 1.2.1 and Chapter 2.

This approach results in a deterministic O"(m®d) algorithm for Hermite form com-
putation, which is satisfactory for matrices A that have most entries of similar degree
d = deg(A). Using the input degree reduction summarized in Theorem 3.5, we obtain
the following result.

mxXm

Theorem 3.9. Let A be a nonsingular matriz in K[X] There is a deterministic

algorithm which computes the Hermite form of A using
O (m*[Da/m]) € O"(m" deg(A))
operations in K.

Concerning the computation of the Hermite form with known diagonal degrees, our
results can be straightforwardly generalized to the case of shifted Popov form computation,
with only a few minor modifications. Formally, this leads to the following result (the
hidden logarithmic factors in the cost bound are exactly those in [GSSV12, Theorem 18]).

Theorem 3.10. Let A be a nonsingular matriz in K[X|™*™ and lets € Z™. Let & € 7Y,
denote the s-minimal degree of the row space of A, which is also the tuple of diagonal
degrees of the s-Popov form of A. If & is known, then one can compute the s-Popov form
of A deterministically using O~ (m* deg(A)) operations in K.

We note however that, as of today and to the best of our knowledge, the Hermite form
is the only case of shifted Popov forms for which there is a known algorithm to efficiently
compute the degrees of the diagonal entries separately from the computation of the whole
form.
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4

Computing relation bases via linear
algebra

In this chapter, we use techniques from linear algebra over K to solve Problems 2 and 4
efficiently. The basic tool is a linearization of the problem, referring to an interpretation
of operations on polynomials as operations from K-linear algebra. In this framework, a
polynomial is seen as a coefficient vector, and multiplication by a variable corresponds to
multiplying this coefficient vector by the multiplication matrix of this variable. Concerning
the computation of generating sets of relation modules as in Problem 2, the input is already
in linearized form, yet the output is not. Here, we will first complete the linearization in
Section 4.1, leading to a correspondence between relations of bounded degree and vectors
in the nullspace of some structured matrix which is called a multi- Krylov matriz.

Linearization is a ubiquitous tool in computations with polynomials. For example, a
well-known particular case of the above property is that, for two polynomials f, g € K[X],
the solutions p, ¢ € K[X] to the Bézout equation pf + gg = 0 with deg(p) < deg(g) and
deg(q) < deg(f) precisely correspond to the nullspace of the Sylvester matrix [Syl53| of
f and g. Concerning multivariate polynomials, many algorithms adopt a linear algebra
point of view to rely on computations with Macaulay matrices [Mac02, Mac16]. Krylov
matrices were used to compute Popov and Hermite bases of relations in [Kai80, Chapter 6];
besides, one can interpret the change of monomial order algorithm of [FGLMO93| as the
search of a specific collection of vectors in the nullspace of a multi-Krylov matrix.

To identify this collection, we will order the rows of the latter matrix according to
the monomial order in input of Problem 2. Then, the polynomials in the sought Grobner
relation basis involve in priority the first rows of the matrix. More precisely, in Section 4.2
we show that the row rank profile of the multi-Krylov matrix correspond to the monomial
basis of the quotient module. To compute this monomial basis efficiently, we extend ideas
from [KG85] to this more general context. This can be seen as a way of both introducing
matrix multiplication in the algorithm and taking into account some structure of the
matrix by constantly considering only a small subset of its rows.

Finally, we exploit the knowledge of the monomial basis to compute the reduced
Grobner relation basis. Our algorithm is efficient for arbitrary multiplication matrices and
an arbitrary monomial order. In univariate contexts, this translates as a fast algorithm
for computing the shifted Popov relation basis for any multiplication matrix and shift.
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4.1 The linear algebra viewpoint

In this section, we explain how polynomial relations as in Definition 2.4 can be interpreted
in terms of linear algebra. We rely on a linearization of the relations: having fixed some
degree bounds, these polynomials are seen as finite lists of coefficients, or in other words,
row vectors over K. Then, we will show how, from matrices M and F as in the input of
Problem 2, one can build a matrix over K whose left nullspace contains all relations of
Syzy (F) up to the chosen degree bounds.

4.1.1 Linearization: viewing polynomial relations as scalar rela-
tions

As an introduction to linearization techniques, we first describe a specific linearization of
relations in the univariate case, as in Problem 4. Let M € KP*P and F € K™*P and fix
some degree bound /5 € Z~¢. In what follows, we let K[X].s denote the set of polynomials
in K[X] of degree less than 3, and we focus on relations of Syzy;(F) which have degree
less than §; thus, these are row vectors in K[X ]1<X6m

First, the operation of erpansion allows us to see a polynomial vector of bounded
degree as a scalar vector formed by its coefficients in the field. Given p € K[X ]1<f3m, we
write it as a polynomial of vectors: p = pg + p1X + -+ + ps_1X° ! where each p; is
a scalar vector in K'*™. Then, the expansion of p in degree 3 is the vector formed by
concatenation as E5(p) = [po | p1 | -+ | Pp_1] € K>*¥™P.

The reciprocal operation is called compression, and allows us to transform back a
scalar vector into a polynomial one. Given a vector v € K3 we write it with blocks
v =[vg| vy |- | vs_1] where each v; is in K*™ and then we define its compression in
degree (3 as Cg(v) = vo+ Vi X + -+ v X771 e K[X]Z5™.

Now, given some matrices M € KP*P and F € K™*P | our problem asks to find vectors
p € K[X]"™ such that, in particular, p - F = 0. Assuming that deg(p) < 3, and writing
p=po+p1 X+ --+ps1 X! werecall that p-F = p)F + pyFM + - - - + ps_ FM°~L.
Then, in accordance to the expansion of p, the input (M, F) is expanded as follows:

F
FM
Ks(M,F) = , € KmAxP (4.1)
FMP-!

so as to ensure that p-F = E3(p)ICs(M,F) for any p € K[X]lgﬁm In particular, p is a
relation of Syzy,(F) if and only if E5(p)Ks(M, F) = 0, that is, its expansion E3(p) is in
the left nullspace of Kz(M, F).

FExample 4.1. In this example, we have m = D = 3 and the base field is the finite field
with 97 elements; the input matrices are

27 49 29 010
F= |50 58 0 and Z=1{0 01
77 10 29 0 00
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Since the minimal polynomial of Z is X3, we choose 8 = 4, thus ensuring that all relations
in the Popov basis will have degree less than §. Then, we have

[27 49 29]
o0 58 0
10 29
27 49
50 58
77 10
0 27
0 50
0 77
0 0
0

0

\]
\]

Ks(Z,F) =

0
0

SO DD DD OO oo oo

It is easily checked that p; = [-1 —1 1] € K[X]"*™ is a relation of Syzz(F), since
F;. = F1. + Fy,. Other relations are for example ps = [3X 4+ 13 X + 57 0] which has
row degree 1, p3 = [X? + 40X + 82 76 0] which has row degree 2, and py, = [X® 0 0]
which has row degree 3. We have

Ep) = [ 9 96 1 | 0 00| 0001 00O ]
Epy) = [ 1357 0] 3 10]0001] 000 ]
Eps) = [ 82 76 0 | 40 0 0| 100 ] 00 0]
Ep) =[ 0 0 0] 000]00O0] 100 ]

Besides, one can verify, for example using a computer algebra system, that the matrix

Ps X2 +40X + 82 76 0
P=|p.| = 3X +13 X457 0],
P 96 96 1

is the Popov relation basis of Syz,(F'); note that the latter is the module of Hermite-Padé
approximants of order 3 for

1 29X2 4+ 49X + 27
F|X| = 58X + 50 . #
X? 20X2 4+ 10X + 77

Now, having built a matrix over K whose left nullspace corresponds to relations, we
would like tools to interpret in this linearized framework the shifted degree minimality
of the sought relation bases. Observing Example 4.1, we see that p; has 0-degree 0,
which makes it a perfect candidate to appear in a 0-minimal relation basis such as P;
conversely, p; has 0-degree 3, and no row has degree more than 2 in P. On the other
hand, if we consider the shift s = (0, 3,6), then the s-degree of p, is 3 while the one of p;
is 6. Therefore, if one is looking for the rows of an s-minimal relation basis, p4 is a better
candidate than p;.
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We see through this example that the uniform shift 0 leads to look for elements of the
nullspace of Ks(Z, F) which involve in priority the first rows of the matrix, while the shift
s = (0, 3,6) leads to look for elements of the nullspace which involve in priority the rows
F,., F..Z, FL*ZZ, and FL*Z“Q‘7 before considering any of the rows ng*Zj and F37*Zj for
0<j<p.

Thus, to take the shift into account, we will define below a permutation of the rows
of K3(M,F) such that a basis of its nullspace which involve in priority its first rows
correspond to a shifted minimal relation basis of Syzy,(F). This permutation is naturally
linked to the monomial order on K[X]'*™ induced by the shift. In the next section, we
present the linearization framework with more generality and in the multivariate context,
proving some assertions that have been made here without details. Then, we will come
back to the univariate case in Section 4.1.3 to give the details of the construction of
Ks(M, F) when one is given a shift rather than a monomial order.

4.1.2 Bounded-degree relations and nullspace of multi-Krylov ma-
trices

Here, we generalize the construction of the striped Krylov matrix above to several variables
and to an arbitrary monomial order. This results in a type of matrix with several layers of
structure that we call multi-Krylov. Then, we give a precise link between left nullspaces
of such matrices and relations of bounded degree.

Let r € Z-o and consider the polynomial ring K[X] = K[X,...,X,]. We fix an
interger m € Z, and we see elements of K[X|™ as row vectors in K[X]'*™.

We first describe the expansion and compression operation, to convert polynomials of
bounded degrees into their coefficient vectors and vice versa. These operations naturally
depend on the choice of a monomial order, to choose in which order one should concatenate
the coefficients of a polynomial so as to obtain its coefficient vector.

For example, we made such a choice implicitly in Section 4.1.1 when defining the
expansion Es(p) of a univariate row vector p: we concatenated the constant terms of p
first, then its terms of degree 1, etc. Thus, the terms of p were implicitly arranged in
Es(p) according to the term-over-position order.

Then, let < be a monomial order on K[X|™™ and let 8 = (f1,...,0,) € Z., be
some degree bounds. To define and use the linearization operations, it will be convenient
to rely on the following indexing function.

Definition 4.2 ((<,3)-indexing). Let 8 = (b1, ..., 0,) € Z7, and let < be a monomial
order on K[X|™™. Then, we define the (<, 3)-indexing function as the unique bijection

$2p:{X°c;,0<e<B,1<i<m}—={l,....mB B}
which is increasing for <, that is, X°c; < X®cy if and only if o s(X°c;) < ¢~ 3(Xcy).
We now define the expansion and compression operations, and then we give an example

with the lexicographic term-over-position order in two variables.
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4.1. The linear algebra viewpoint

In what follows, we denote by K[X|.g the set of polynomials p € K[X] such that
degy, (p) < B for 1 <k < r. Then, we have a correspondence between bounded-degree
polynomials and row vectors, as follows:

expansion
polynomial p € K[X]g" — vector v = [vg] € KPP with
p= Zj u; X e, with u; # 0 ¢ - vp = uy for k = ¢ g(X%cy,).

compression

1xm

That is, for a polynomial p € K[X] 5", the ezpansion of p in degree 8 and with
respect to < is the vector £ g(p) € KM*™#1F whose entry at index ¢~ g(X°®c;) is the
coefficient of the term involving X®c; in p. Conversely, given a vector v € K!>m#i-fr,
we define its compression in degree B and with respect to < as being the polynomial
C<p(v) € KX }“m such that the coeflicient of its term involving the monomial ¢~ ﬂ( )
is the entry at mdex k of v.

Ezxample 4.3. Let us consider bivariate polynomials in K[X, Y], where K is the finite field
with 97 elements. Let <) be the lexicographic order on K[X, Y] with Y < X, and
let < = <" be the <j,-term over position order on K[X,Y]"*2. We choose the degree
bounds 3 = (2, 3).

Following Definition 4.2, we order the monomials

(XY e, 0 < (j,k) < (2,3),1 <i <2}

increasingly according to —<leX, which yields

Monomial Index
XiY*ke; P_tor (2.3) (X7Y*c))
[1 0] 1
[0 1] 2
Y 0] 3
[0 Y] 4
(Y2 0] 5
[0 Y?] 6
(X 0] 7
0 X 8
(XY 0] 9
0 XY] 10
[XY? 0] 11
[0 XY? 12

Let p be the polynomial in K[X, Y]1X22 (2.3 and v be the vector in K12 defined by

p=[46 +95Y + 75X + 10XY | 36 + 18Y + 38Y2 + 77X + 83XY + 35XY?]
:[86 0 32 83 54 26 0 68 8 0 54 22}
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Chapter 4. Computing relation bases via linear algebra

In this case, the expansion of p and the compression of v are given by

E<p(P)=1[46 36 95 18 0 38 75 77 10 83 0 35 |
Cop(v) = [86 + 32Y +54Y2 + 86XY + 54XY? | 83Y + 26Y? + 68X +22XY?] . &

Now, we detail the construction of the multi-Krylov matrix. Let M = (M, ..., M,)
be pairwise commuting matrices in K>, and let F € K™*”. From the module struc-
ture induced by the multiplication matrices as described in Sections 1.3.5 and 2.1, for a
polynomial p = [py, ..., pm] € K[X]*™ we have

pF — p1F17*++mem7*
= Fl,*pl(M) + -+ Fm,*pm(M)a

where we write p;(M) for p;(M;i,...,M,). As a result, p being a relation of Syzy;(F)
means that the coefficients of p form a K-linear combination of vectors of the form F; ,M*®
which is zero. If furthermore p is nonzero and has its degrees in each variable bounded by
(B1,...,0;), then it corresponds to a nontrivial K-linear relation between the row vectors

{F;,M° 0<e<f3,1<i<m}.

This leads us to consider the following matrices, formed by these row vectors ordered
according to ¢~ g.

Definition 4.4 (Multi-Krylov matrix). Let M = (My,...,M,) € KP*P be pairwise
commuting matrices, let F € K™P let B = (B1,...,05.) € Z.,, and let < be a monomial
order on K[X|'™*™. The (=, 3)-multi-Krylov matrix for (M, F), denoted by K- 3(M, F),
is defined as the matriz in KPP0 whose row at index ¢ g(X°c;) is F; M.

FExample 4.5. We place ourselves in the situation of Example 4.3, with two variables X
and Y, the dimension m = 2, the <j,-TOP order on K[X,Y]"*? with Y <, X, and
degree bounds 3 = (2, 3).

We further consider the vector space dimension D = 3. Then, let M = (Mx, My ) be
matrices in K**? such that MxMy = MyMy, and let F be some matrix in K?*3,

In this case, from the indexing function ¢ <10 (23) described in Example 4.1 it follows

that the multi-Krylov matrix for (M, F) is

F
FM;
FM2
FMy

FM, My
|FM3 My |

K<fop7(273)(M, F) — E K12X3. @l

By construction, we have the following result which relates the left nullspace of the
multi-Krylov matrix with the set of bounded-degree relations.

Lemma 4.6. If v € Km0 s in the left nullspace of K< g(M,F), then C<g(v) €
K[X]lfﬁm is a relation of Syzy(F). Conversely, if p € K[X]lfﬁm is a relation of Syzy (F),
then £~ g(p) € K¥>™mPr-8r is in the left nullspace of K< (M, F).
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4.1.3 Multi-Krylov matrices in the univariate case

Going back to the univariate case, we show how to construct the indexing function and
thus the multi-Krylov matrix when the monomial order is given by a shift. Here, we have
one multiplication matrix M € KP*P a matrix F € K™%, a shift s € Z™, and a degree
bound [ € Z~,.

We have seen in Example 1.38 and Section 1.3.4 that s defines a monomial order <3P
on K[X]"™ which we called a shifted term-over-position order. This directly allows one
to use the definition of multi-Krylov matrices in the previous section. Still, for the sake
of clarity, we detail here how the indexing function of Definition 4.2 can be deduced from
the shift s.

In Section 4.1.1, we defined a specific multi-Krylov matrix Kg(M, F) in Eq. (4.1). Its
rows are F;, M° for 0 < e <  and 1 < ¢ < m, ordered by lexicographically increasing
pairs (e,i). More generally, when an arbitrary shift is given in input, we would like the
multi-Krylov matrix to be some permutation of these rows so as to reflect their priority,
which is induced by the shift.

This priority is as follows. Let v € K!*™? be any linear relation between the rows of
Ks(M, F) involving the row F; ,M¢; this means that Cs(v) = po+p1 X +---+ps_1 X 1 is
a relation of Syzy;(F) and the coefficient in column i of p, is nonzero. Then, this implies
that the s-degree of p is at least s; + e. As a consequence, since the s-degree is precisely
what we want to minimize in order to obtain an s-minimal relation basis, the priority of
the rows of K3(M, F) can be measured by the function (e, ) — s; + e.

Our goal is to define an indexing function ¢sg(e,?) which we will use to specify the
order of the rows F;,M¢ in the multi-Krylov matrix Ksz(M,F). Then, the previous
paragraph indicates that this function should be such that ¢s s(e, i) < ¢s (€', ") whenever
s; + e < sy + €. This is not enough to define ¢ 5: we still need to break ties for pairs
(e,i) # (€/,7") which are such that s;+e = sy +¢’. In the latter case, we arbitrarily choose
that ¢sp(e, i) < psp(e,7') if © < i’

To summarize, in this univariate context the indexing function is the unique bijection

bsp:9{0,...,0—1} x{1,...,m} = {1,...,mp}
such that
(i) if s; +e < sy + € then ¢sg(e, i) < ¢sp(e,i');
(i) if s; + e = sy + € and i < ¢ then ¢ (e, 1) < ¢s (€', 7).

forall 0 < e, e < fand 1 <i,7" <m.

Remark 4.7. This is naturally the indexing function that one would obtain using Def-
inition 4.2 along with the remarks in Example 1.38 and Section 1.3.4 concerning the
monomial order <3P corresponding to the shift s. We note also that the arbitrary tie-
breaking above is consistent with the shifted TOP order, and also with the choice made in
the definition of s-pivots where one considers as a leading term the rightmost one among
those which have the highest s-degree. -
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Then, the linearization operations are as follows. For a polynomial p = [p;]; €
K[X ]Lxﬁm, the shifted expansion & s(p) is the vector in K™ whose column ¢ 5(i, e)
is formed by the coefficient of degree e in p;, for all 0 < e < fand 1 < ¢ < m. For a scalar
vector v € K™ the shifted compression Cs (V) is the polynomial vector in K[X ]1<>;3m
obtained by the inverse operation.

Furthermore, the multi-Krylov matrix Kg 5(M, F) is the matrix in K™*? whose row
dsp(e, i) is F; .M for all 0 < e < f and 1 < i < m. This is a specific case of the multi-
Krylov matrices of Definition 4.4, so that all properties that are given for the general
multi-Krylov matrices will also hold for the ones defined from a shift as presented here.
For example, Lemma 4.6 states that the left nullspace of ICs s(M, F') corresponds to the
set of relations of Syzy,(F) which have degree less than f.

In the specific case of the uniform shift s = 0, we have ¢¢ g(e,7) = ¢ + me, and using
notation from Section 4.1.1, we have the identities Ko 3(M,F) = Kg(M, F), Cos(M) =
Cs(M), Eo,5(P) = E5(P).

Ezxample 4.8 (Example 4.1 continued). In the context of Example 4.1, if we consider the
shifts s = (0,3,6) and t = (3,0, 2), we have

(27 49 29] 50 58 0
0 27 49 0 50 58
0 0 27 0 0 50
0 0 0 77 10 29
50 58 0 27 49 29
Kep(Z,F) = 8 500 gg and  Kys(Z,F) = 8 707 100
0 0 0 0 27 49
77 10 29 0 0 77
0 77 10 0 0 27
0 0 77 0 0 0
0 0 0] 0 0 0]

Besides, one can check that the shifted expansions of the relations p1, p2, p3, and py with
respect to s and t are

EpP1) = [ 9 0 009 00 0 100 0 ]
EpPr) = [ 9% 0 019600 0 0000 ]
EspP2) = [ 13 3 0057 10 0 000 0 ]
Eepp2) = [ B7 1 00 1300 3 000 0 ]
Esplps) = [ 82 40 1 076 0 0 0 0 0 0 0 ]
Eppz) = [ 76 0 00 8 00 40 0 1 0 0 |
Es,5(P4) [ 0001 00000000 |
EpPd) = 0 0 00 0 00 0 000 1]

4.2 Fast computation of the monomial basis

Let M be a tuple of r pairwise commuting matrices in KP*?| let F € K™*P and let < be
a monomial order on K[X]"*™. Our goal is to solve Problem 2, that is, find a <-Grébner
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basis of relations of Syzy,(F). In this section, we first show that the <-monomial basis of
the quotient K[X|'*™/ Syzy;(F) corresponds to the row rank profile of the multi-Krylov
matrix. Then, we give some properties about the structure of this matrix, and finally we
exploit this structure to design an algorithm to compute this row rank profile efficiently.

4.2.1 Row rank profile and monomial basis

From our discussion about the left nullspace of the multi-Krylov matrix, we know that we
will only be able to consider relations of bounded degree. Thus, although we have defined
the multi-Krylov matrix for an arbitrary tuple 3, in the context of solving Problem 2 we
must make sure that these bounds are chosen sufficiently large so that they allow us to
retrieve a whole generating set of relations.

To be more precise, our aim is to compute the <-reduced Grébner basis G for Syzy,(F).
Therefore, we are particularly interested in the case where these integers are a priori upper
bounds on the degrees of the generators in G, which means that 3 is large enough so that
the nullspace of K< g(M, F) contains the expansions of all the polynomials in G. Formally,
we will often consider the following assumption on 3.

Definition 4.9 (Assumption Hg). Let {p1,...,ps} € K[X]|"*™ be the <-reduced Grobner
relation basis of Syzyi(F). Then, the assumption Hg on B = (f1,...,05,) € ZL, is the
assertion that B, > maxi <, degy, (p;) for 1 <k <.

One may have context-specific such bounds 3; if not, one can take for 5, a bound
on the degree of the minimal polynomial of the multiplication matrix Mj. In particular,
B=(D+1,...,D+1) is always a valid choice.

We recall that, for a matrix A € K*#*¥ the row rank profile of A is the lexicographically
smallest subsequence (pi,...,pa) of (1,...,u) such that A = rank(A) and the rows
(p1,...,pa) of A have rank A.

Theorem 4.10. Let M = (My,...,M,) be pairwise commuting matrices in KP*P et
F € K™P et < be a monomial order on K[X|"**™, and let B = (b1,...,0;) € ZZ, be
such that Hg. Let further (p1,...,pa) € Z5, be the row rank profile of K< 3(M,F) and
write p; = ¢ p(X%c;;) for 1 < j < A. Then, {X%c;;, 1 < j < A} is the <-monomial
basis of K[ X "™/ Syzy, (F).

Proof. We want to prove that the <-initial module of Syzy,;(F') is the set of monomials
not in {X%c;;,1 <j <A}

First, consider any monomial X®c; for 1 < ¢ < m and e € ZL; such that e £ 3. Such
a monomial cannot be in {X%¢;;,1 < j < A} since by construction of K- g(M,F) we
have e; < B for all j. On the other hand, from the assumption Hg, X °c; cannot either
be in the <-monomial basis of K[X|'*™/Syz\,(F), and thus X°c; € in(Syzy(F)).

Now, let X®c; € ins(Syzy(F)) such that e < 8. Then, there is a relation p €
K[X]"™ for Syzy (F) such that ini(p) = X®°c;, and Lemma 4.6 implies that £~ g(p) is
in the left nullspace of K~ g(M, F). Furthermore, by construction, the rightmost nonzero
entry of £ g(p) is 1 at index ¢ g(X°®c;). In other words, £ g(p) expresses the row of
K< s(M,F) with index ¢~ g(X°®c;) as a K-linear combination of the rows with smaller
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index. By definition of the row rank profile, this implies that ¢ g(X°c;) € {p1,...,pa},
and therefore X°c; ¢ {X®%c;,1 <j <A}

Conversely, let X°c; & {X%¢c;,,1 < j < A} be a monomial such that e < 3. Then,
d<p(Xec;) € {p1,...,pa} Thus, by definition of the row rank profile, there is a vector
v € KP>mAiFr gquch that v is in the left nullspace of K< g(M,F) and the rightmost
nonzero entry of v is 1 at index ¢~ g(X®c;). Then, inL(C< g(v)) = X°®c;, and according
to Lemma 4.6, C< g(v) is a relation of Syzy,(F), hence in4(C< g(v)) € ini(Syzy(F)). M

As a direct consequence, we get the following refinement of Lemma 2.5 about the
dimension of the quotient K[X '™/ Syzy,(F).

Corollary 4.11. Let M = (My,...,M,) be pairwise commuting matrices in KP*P  let
F € K™P et < be a monomial order on K[X|'**™, and let B = (B, ...,B;) € 2%, be
degree bounds such that Hg. Then, the dimension of K[ X]"*™/Syzy(F) as a K-vector
space is equal to the rank of the multi-Krylov matriz K< g(M, F).

4.2.2 Structure and row rank profile of a multi-Krylov matrix

We note that the dense representation of < g(M,F) uses mf; --- 5, D field elements.
Taking the a priori bounds 3; = -+ = 8, = D + 1, this is in ©(mD"™!), while our target
cost bound O (mD“~! + rD%), stated precisely in Theorem 2.13, is sub-cubic in D. In
fact, we will never compute the full dense representation of this matrix, like previous
algorithms dealing with similar situations [MB82, KG85, FGLM93, MMM93|. Roughly,
the idea is that once some monomial is found not to be in the monomial basis of the
quotient, it can be discarded along with all its multiples.

The multi-Krylov matrix is succinctly described by M, F, <, and 3, whose represen-
tation uses O(mD + rD?) field elements altogether. Yet, it is not straightforward how to
deduce the row rank profile from this data. In the next section, we design an algorithm
which uses in particular ideas from [KG85| for efficiency, and which only deals with sub-
matrices of the multi-Krylov matrix that are represented using a number of field elements
which remains within the bound above. (Hereafter, when we mention a submatriz, it is
always assumed that the order of the rows in the original matrix is preserved.)

In this section, we discuss the property of structure of the multi-Krylov matrix that
we exploit in this algorithm to avoid relying on its dense representation. When 3 satisfies
Hg, this property can be summarized as being the mere translation in this linear algebra
framework of the module structure of in~(Syzy,(F)): once it is found that some monomial
belongs to this initial module, then so do all its monomial multiples.

In the lemma below, we give details about this property, and we also give a similar
property which holds without assuming Hg, and which still leads to an efficient algorithm
to find the row rank profile of the multi-Krylov matrix. In linear algebra terms and in a
nutshell, this structure indicates that we may discard a part of the rows that have not yet
been computed and which correspond to right-multiples of rows that have already been
found not to be in the row rank profile.

Lemma 4.12. Let M = (My,...,M,) be pairwise commuting matrices in KP*P et
F € K™P et < be a monomial order on K[X]'™™, let B = (B1,...,05:) € Z,, and let
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p € 7%, denote the row rank profile of K< g(M,F). Then, for any monomial X®c; in
KX ™™ such that ¢ g(X®c;) is not in p, the following properties hold.

(i) If B satisfies the assumption Hg of Definition 4.9, then ¢~ 5(X°T¢c;) does not
belong to p for any exponent € such that e + e’ < 3.

(i) Let {(ej,i;),1 < j < s} be such that 0 < e; < B, 1 <i; <m, and ¢ 5(X%c;;) <
d<p(Xec;) for 1 < j <'s, and such that the row ¢~ g(X°c;) of K2 g(M,F) is a
linear combination of the rows {¢~(X%¢;),1 < j < s}. Then, < g(X°*c;)
does not belong to p for any €' such thate+¢e < 3 ande;+€ < B for1 <j <s.

Proof. The item (i) directly follows from Theorem 4.10: the assumption ensures that p
corresponds to the <-monomial basis of in~(Syzy.(F)). Thus, the monomial X*®c; is in
in_(Syzy(F)), and any multiple X®*c; of it is in in(Syzy(F)) as well. It follows that
¢~ 3(X°¢¢c;) does not belong to p.

Concerning the item (i7), it essentially follows from the construction of - g(M, F),
and in particular from the ordering of its rows according to the indexing function ¢ g
which is increasing with respect to the monomial order <.

The row ¢ g(X°c;) of K g(M, F) is the row F; ,M®, which is assumed to be a linear
combination of the rows F;, ,M® for 1 < j < s, with ¢ g(X%¢;;) < ¢ (X °c;). Then,
having e + € < B and e; + € < B implies that the rows F; .Mt and Fij,*Meﬂ'*e' are
among the rows of K g(M, F), for 1 < j < s; since these are precisely the rows mentioned
above after right-multiplication by M, we have that F,-7*Me+e' is a linear combination
of the rows Fij7*MeJ'+e/.

We have proved that the row ¢ 3(X°+®¢c;) of K< 3(M,F) is a linear combination of
its rows ¢ g(X%*c;;) for 1 < j < s. Having ¢4 g(X%c;;) < ¢~ 5(X°c;) means that
X*®c;; < X°c;; this implies XeJ'*e'ci]. < X°*t¢¢;, hence ¢<,@(Xej+e'cij) < o p(X°c).
As a result, the row ¢ g(X°"¢;) of K< s(M, F) is a linear combination of the rows with
smaller index, hence the conclusion: ¢ 5(X°+*¢c;) does not belong to p. n

4.2.3 Computing the row rank profile of a multi-Krylov matrix

Now, we give a fast algorithm to compute the row rank profile of K2 g(M, F). We exploit
the structure of the matrix, and in particular the item (i7) of Lemma 4.12. For further
efficiency, the algorithm below resorts to fast linear algebra techniques.

In particular, our algorithm relies on fast matrix multiplication by following a strategy
in the style of Keller-Gehrig [KG85|. In short, this can be thought of as precomputing
powers of the multiplication matrices of the form M?e, which then allow us to group
many vector-matrix products into fewer matrix-matrix products. In order to effectively
group these products, we work iteratively on the variables; this way, we first focus on all
operations involving M, then those involving M, etc.

We remark that the order of the rows specified by the monomial order < is not
respected in the process, since at a fixed stage of the algorithm we will only have considered
a submatrix of the multi-Krylov matrix which does not involve any of the last variables.
Yet, by constantly re-ordering, according to <, the rows that have been processed and
the ones that we introduce, we manage to respect the monomial order in the end.
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A key building block is a procedure ROWRANKPROFILE which computes the row rank
profile of any matrix in K**¥ of rank p in O(p“~?uv) operations in K. Such an algorithm
can be found in [Sto00, Section 2.2|, with a cost bound given in [Sto00, Theorem 2.10].

For simplicity of presentation, and since this is sufficient for our needs, in Algorithm 1
we assume that the degree bounds in 3 are powers of 2. If need be, one may easily adapt
the algorithm to work with arbitrary bounds B: one would simply have to discard some
of the rows of BP at Step 7.b.(vi) at the last iteration of the While loop for each variable.

Proposition 4.13. Algorithm 1 is correct and uses

(’)(pw_QmD + D% log(H1<k<T min (S, A + 1)))
C O(mD*~" +rD¥log(A + 1))

operations in K, where p is the rank of F and A is the dimension of K[X|"™/ Syzy(F)
as a K-vector space.

Proof. For 1 < k < r and 0 < e < logy(5), let us consider the set of monomials
Ske={X%;, 1 <i<m, 0<e<(f,...,0k-1,2%1,..., 1)}

Then, we denote by Cy, . € Km0 F-12%D the submatrix of K< g(M, F) formed by its rows
in ¢~ g(Sk.). Notice that the redundancy Cyog,(,) = Cr+1,0 is voluntarily introduced in
order to simplify the exposition of the proof.

Then, C;p is the submatrix of K g(M,F) with rows in {¢<g(c1),...,d<g(cm)};
therefore, by choice of the permutation 7 at Step 2, we have C,y = 7F. Thus, after
performing Step 6, the matrix B is formed by the rows corresponding to the row rank
profile of Cyp, and (py, ..., ps) are the indices of these rows in K g(M, F).

Then, let k € {1,...,7} and 0 < e < log,(fx), and assume that B is formed by the
rows corresponding to the row rank profile of Cy ., and that (py,...,ps) are the indices
of these rows in K g(M,F). (We just proved that this holds when k£ = 1 and e = 0.)
We place ourselves at the beginning of the iteration (k, ) of the For and While loops, and
we are going to prove that this iteration preserves the above property; this will directly
imply the correctness of the algorithm, which precisely asks that this property holds for
k =r and e = log,(f,).

Let us denote p = {p1,...,ps} and p = {p1,..., ps}, where p; = ¢<7B(X,fegz§;1ﬁ(pj))
for 1 < j < 9 are the indices computed at Step 7.b.(i). Let also (71, ...,7,) be the indices
of the rows of < g(M, F) corresponding to the row rank profile of its submatrix Cy 1.
Then, we claim that:

e Fact1: (y1,...,7,) forms asubsequence of the tuple t, or in other words, {71, ...,7}
is a subset of p U p;

e Fuact 2: if we have equality {71,...,7,} = p, then p is the set of indices of the rows
of K- (M, F) corresponding to the row rank profile of Cy jog,(3,)-

In particular, Fact 2 explains why, when break is set to True then the While loop can be
exited, and if £ < r then we can turn to the next variable Xy, noting that the transition
is ensured by Cy 1og,(8,) = Cr+1,0-
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4.2. Fast computation of the monomial basis

Algorithm 1 — KRYLOVRANKPROF
(Row rank profile of a multi-Krylov matriz)

Input:
e pairwise commuting matrices M = (M, ..., M,) in KP*P
e matrix F € K™*P,
e monomial order < on K[X7, ..., X, ]'*™
e degree bounds 8 = (f4,..., ;) € ZL, which are powers of 2.

Output:
e the row rank profile of K g(M, F),
e the submatrix of K2 g(M, F) formed by the corresponding rows.

1. ¢~ g < the indexing function in Definition 4.2

2. T < the permutation matrix in {0, 1}™*™ such that the tuple t =
mlp<p(ci), ..., d<a(cy)]T is increasing

3. B« nF

4. 0, (i1, ...,i5) < ROWRANKPROFILE(B)

5. (p1,-..,ps) < the subtuple of t with its entries (iy,...,1s)

6. B < the submatrix of B with its rows (iy,...,1s)

7. For k from 1 to r // iterate over the variables

a. P« M;; e + 0; break + False
b. While e < log, (k) and (not break)

() s = P p(XE 92 g(ps)) for 1 <<
(ii) m <« permutation matrix in {0,1}?°*% such that the tuple

t =7[p1,...,ps,P1,--.,Ps] is increasing
B
(iii) B+ 7 {Bpl
(iv) 9, (i1, .. .,i5) + ROWRANKPROFILE(B)

v
(v) If (p1,...,ps) = subtuple of t with its entries (i1, ..., 1)

e break < True
(vi) Else
® (p1,...,ps) < subtuple of t with its entries (iy,...,1z)
e B < submatrix of B with its rows (i1, ..., )

e+ 6P Phee+1

8. Return (p1,...,ps) and B
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Proof of Fact 1. Let 1 < j < v and let us prove that 7, € pU p. By assumption,
p are the indices of the rows in K< g(M, F) corresponding to the row rank profile of its
submatrix Cy.. Then, the item (i7) of Lemma 4.12 implies that the monomial qb;lﬁ(vj)
is not a multiple of a monomial in ¢;}ﬁ(¢<7ﬁ(8k,e) —p) =Ske — ¢;15(p).

If gb;lﬁ('yj) € Sk.e, this implies 7; € p. Now, we assume that gzﬁ;lﬁ(vj) € Sket1 — Skes
and we prove that 7; € p, or in other words, that gb;lﬂ(fyj) € {Xkegb;}ﬂ(pj), 1 <j <o}
Since gb;l,@(vj) € Sket1 — Ske, We can write qb;lﬁ(vj) = X7 f for some f € Si.. Then,
X7 f not being a multiple of a monomial in Sy . —¢Z5(p) implies that f € ¢~'5(p), hence
the conclusion.

Proof of Fact 2. Any monomial in Sy og,(8,) — Sk,e is a multiple of a monomial in
Sk.e+1 — Ske. On the other hand, by assumption, all monomials corresponding to the row
rank profile of Cy .1 are in Sy .. Therefore Sy 11 — Sk only contains rows of X~ g(M, F)
which are not in its row rank profile, and the conclusion follows from Lemma 4.12.

Then, knowing that (1, ...,7,) is a subsequence of t, at the end of the iteration (k, ¢)
we have that B is formed by the rows corresponding to the row rank profile of Cy ¢41,
and (p1, ..., ps) are the indices of these rows in K- g(M, F). Furthermore, if the variable
break has been set to True during this iteration, then B corresponds to the row rank
profile of Cy 1o6,(3,)- This concludes the proof of correctness.

Concerning the cost bound, according to [Sto00, Theorem 2.10|, the row rank profile
computation at Step 4 can be done in O(p*~2mD) operations, where p = rank(F).

Let us now focus on the iteration (k,e) and show that it uses in O(D*) operations.
First, the computation of BP at Step 7.b.(iii), where the matrix P has dimensions D x D
and B has D columns and § < D rows, can be performed in O(D¥) operations. Then,
since B at Step 7.b.(iv) has 20 < 2D rows and D columns, its row rank profile can be
computed in O(D%) operations. Finally, squaring the D x D matrix P at Step 7.b.(vi)
is also done in O(D*“) operations.

To conclude the proof of the cost bound, we claim that in the iteration k of the For
loop, the number of iterations of the While loop cannot exceed 1 + log,(A + 1). From
Theorem 4.10, we know that the rank of K- g(M,F) is at most A. Then, once we
introduce rows of K g(M, F) involving powers of the variable X}, greater than A, that
is, in iteration e > log,(A) of the While loop, then these rows are linear combinations of
the previously introduced rows with 0 < e < log,(A). As a result, break will be set to
true and the While loop is exited. M

We note that in most interesting cases we have A > 1 and m € O(D). This implies
that log(A +1) = O(log(A)), and that the first term O(p*?mD) in the cost bound is in
O(D%) and is thus dominated by the second term. In this case, the cost bound can be
simplified as O(rD* log(A)).

Combining this algorithm with Theorem 4.10, we obtain the following result.

Corollary 4.14. Let M = (My,...,M,) be pairwise commuting matrices in KP*P  let
F € K™P and let < be a monomial order on K[X|**™. Let further B € Z~q be a priori
degree bounds such that Hg and 3 < (D +1,...,D + 1). Then, there is an algorithm
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which computes the <-monomial basis of K[ X]"*™/Syzy(F) using

(’)(p“’_2mD + DY log(HKk@ min (g, A + 1)))
C O(mD“™ +rDlog(A + 1))

operations in K, where p is the rank of F and A is the dimension of K[X|"™/ Syzy(F)
as a K-vector space.

Proof. According to Theorem 4.10, the <-monomial basis can directly be computed by
Algorithm 1, up to the choice of degree bounds that satisfy Hg and which are powers of
2. By default, since (D +1,..., D + 1) satisfies Hg, one may for example take the tuple
B = (2Mes=(P+D1 - oflog2(D+1)1) " The cost bound follows from Proposition 4.13. »

Remark 4.15. The order in which the For and While loops introduce the new monomials to
be processed precisely corresponds to the <-term over position order <f§f over K[ X,
As a result, the behaviour and the cost bound of the algorithm can be described with
more precision if the input monomial order is < = <P

In this case, we are processing the rows of K< g(M,F) in the order they are in the
matrix. In particular, the permutation = at Steps 2 and 7.b.(ii) is always the identity
matrix, and the tuple (pq,. .., ps) at Step 5 or inside the loops consists of the first § entries
of the actual row rank profile of K g(M, F).

Furthermore, the fact that we are processing the rows in their actual order has a small
impact on the cost bound, as follows. Let us denote by G the <-reduced Grébner relation
basis for Syzy,(F), and let 8= (5’1, e ,BT) be the tuple of maximum degrees in G, that
is, By = maxpeg degy, (p) for 1 <k < r. We assume Hg, which states that B8 <p.

~

Then, at the iteration k of the For loop, the While loop does O(log, (5 + 1)) iterations.
Indeed, once we introduce powers of the variable X greater than Bk, the partial row rank
profile (p1,. .., ps) will not be modified anymore, and break will be set to true. Therefore
the total number of iterations is O3, <, log (S, + 1)).

The arithmetic mean-geometric mean inequality gives

Z log(B +1) < rlog(Mle).

1<k<r

Besides we have ﬁl +-+ BT < A +7r —1 since the <-monomial basis, of cardinality A,
contains the 1+, +- - -+ /3, —r distinct elements {1}U{Xf,1 < e < B, 1 < k <r}. Then,
the number of iterations can be bounded as O(}_, ., log(Br + 1)) € O(rlog(2 + A/7)).

To summarize, when the input order is < = <f§f: , and under the assumption Hg,

Algorithm 1 uses
A
@) (p“’_QmD + rD% log (— + 2))
r

operations in K. -
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4.3 Fast computation of the relation basis

In this section, we present our fast algorithm to compute the reduced Grébner relation
basis of Syzy;(F). By definition, it can be described by the minimal generators of the
initial module of Syzy;(F') along with the associated normal forms. We first show how to
use the knowledge of the monomial basis to compute such normal forms efficiently.

4.3.1 Simultaneous computation of normal forms of monomials

Let M = (M, ..., M,) be pairwise commuting matrices in KP*? let F € K™*P and let
~ be a monomial order on K[X]"". Given some monomials {X%¢; ,1 < j < s}, we want
to compute their <-normal forms with respect to the module Syzy,(F). More precisely, for
1 < j < s, the monomial X®c¢;; considered modulo Syzy;(F) can be uniquely written as
a K-linear combination of the monomials in the <-monomial basis of K[ X ]*™/ Syzy,(F);
we will focus on computing the coefficients of this combination.

In the linearized viewpoint, these monomials correspond to a matrix T € K**P whose
row j is F;, ,M® . Similarly, the monomials in the <-monomial basis of K[X ]/ Syzy,(F)
form the rows of a matrix B € K&*”. According to Theorem 4.10, if we are given degree
bounds B = (f1,...,05:) € Z., such that Hg, then B is the submatrix of K< g(M,F)
formed by the rows in its row rank profile p = (p1, ..., pa) € Z5,.

Then, the rows of T are K-linear combinations of the rows of B; these combinations
may be gathered in a matrix N € K**2 such that T = NB. (The notation T stands for
terms, while B stands for basis, and N for normal forms.) Our goal is to find this matrix
N: here, the fact that it is unique can be seen from the fact that B has full row rank.

Explicitly, N can be computed as follows from T and B. If B is square, then we
directly have N = TB~!. More generally, let (ji, ..., pa) denote the column rank profile
of B, and let B € K&*2 and T € K**2 be the submatrices of B and T formed by their
columns {p1,...,pa}. Then, we have T = NB and B is invertible, so that N = TB~!.

Finally, to obtain the sought normal forms it remains to compress back the linear
relations given by the rows of N into polynomials in K[X]'*™. By construction, N is
seen as the submatrix formed by the columns (py,...,pa) of a matrix N e Ksxf-frm
whose other columns are zero. Then, the <-normal forms of {X%¢;,1 < j < s} are

obtained as the compressions Cﬁﬂ(Nj’*) for 1 <j <s.

Proposition 4.16. Algorithm 2 is correct and uses
O(A“™(D + 5))
operations in K.

Proof. The correctness follows from the discussion above. Concerning the cost bound, we
first remark that Steps 2, 3, 5, 6, 7 do not use field operations.

Then, Step 1 uses O(A“~'D) field operations according to [Sto00, Theorem 2.10].
At Step 4, the inversion of B uses O(A¥) operations. Then, the multiplication TB™
uses O(sA“~!) operations if s > A, and O(A*¥) otherwise. Since A < D we obtain the
announced bound. n
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Algorithm 2 — LINNORMALFORM
(Normal forms via linear algebra)
Input:
e pairwise commuting matrices M = (My, ..., M,) in KP*P,
matrix F € Km*P,
matrix T € K**? whose row j is F;, .M® for 1 <j < s,
monomial order < on K[Xj, ..., X, ]1*™,
degree bounds 8 = (1, ..., ;) € ZL, such that Hg,
submatrix B € K2*P of K 5(M, F) formed by its rows corresponding
to its row rank profile p = (p1,...,pa) € Zﬁo.

Output: matrix in K[X7,..., X,]**™ such that, for 1 < j < s, its row j is
the <-normal form nf_(X*®c;,) with respect to Syzy(F).

(P1,- .-, pa) < the column rank profile of B

B «+ submatrix of B formed by its columns {p1, ..., pa}
T «+ submatrix of T formed by its columns {p1,...,pa}
N« TB!

N < zero matrix in Ks*P

A,

N, ,. ¢ N, for k from 1 to A
Return the matrix in K[X7, ..., X,]**™ whose row j is C<75(Nj7*)

NS ok W
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Remark 4.17. Tt is in fact not necessary to assume that the degree bounds 3 satisfy the
assumption Hg in order to perform normal form computation with Algorithm 2. Indeed,
all we need is that the <-normal forms of the input monomials be K-linear combinations
of the monomials in gbjﬁ(p)

For example, by definition of the row rank profile, this is the case if the input monomi-
als all have degree bounded by 3, or in other words, if T is the submatrix of K~ g(M, F)
formed by its rows {¢- (X %¢c;;),1 < j < s}. Still, in what follows, Hg will be satis-
fied, since our goal is to rely on this normal form computation to compute the <-reduced
Grobner basis of Syzy, (F). *

4.3.2 Univariate case: computing shifted Popov relation bases

To introduce our fast relation basis algorithm, we first focus on the univariate case. Let
M € KPP F € K™P and s € Z™. Previous work using such a linear algebra viewpoint
to compute Popov and Hermite bases includes [Kai80, Vil96].

Then, let § = (61,...,6m) € ZZ, be the s-minimal degree of Syzy,;(F). We have seen
in Section 1.1.3 and Example 1.40 that the <5*P-monomial basis of K[X]'*™/Syzy,(F)
is given by 8 as Ujcicm{X¢c;,0 < e < 6;}. We also recall that, as a consequence, the
dimension of K[X|'*™/ Syzy;(F) as a K-vector space is A = &1 + -+ + d,,.

Furthermore, from Section 4.2, we know that this monomial basis can be obtained
from the row rank profile of the multi-Krylov matrix. More precisely, suppose that we
have an a priori bound € Z( on the degree of the s-Popov relation basis of Syzy(F),
that is, 8 > max(8). Then, let (p1,...,pa) € Z2, be the row rank profile of Ks5(M,F)
and write p; = ¢s 3(X%c;;) for 1 < j < A. Theorem 4.10 states that the <SP_monomial
basis of K[X]"™/Syzy(F) is {X%¢;;,1 < j < A}

As a consequence, the s-minimal degree & can be obtained as

5 1+ max{e; | 1 <j <A andi; =i} if the set is nonempty,
’ 0 if it is empty.

Then, knowing 6§, the sought s-Popov relation basis can be computed as the matrix whose
row i is X%c; — nf cswop(X%c;), as explained in Section 1.3.5.

These m normal forms can be computed efficiently using Algorithm 2, up to the
preliminary computation of the submatrix T of KCs3(M,F) formed by the rows with
indices in {¢s5(X%¢1),...,Ps5(X°"Cp)}.

Proposition 4.18. Algorithm 3 is correct and uses
O(mD“~* + D¥log(min(B3,A))) € O(mD*~' 4+ D¥log(D))
operations in K, where A = 614 -+ 0., is the sum of the s-minimal degrees of Syzy,(F).

Proof. The correctness of the algorithm follows from the discussion above.

According to Corollary 4.14, the computation of the row rank profile and of the sub-
matrix B at Step 1 uses O(mD“~!+ D% log(min(3, A))) field operations. Then, at Step 2,
the submatrix of T of its rows ¢ such that §; > 0 has at most min(m,A) < D rows since
01+ -+ 6, = A. Thus, right-multiplying this submatrix by the D x D matrix M
can be done in O(D*) operations. Finally, the normal forms at Step 3 are computed in
O(A“"YHD +m)) C O(mD*~! + D¥) operations according to Proposition 4.16. »
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Algorithm 3 — LINPOPOVRELBAS

(Shifted Popov relation bases via linear algebra)

Input:

matrix M € KP*P,

matrix F € Km*P,

shift s € Z™,

bound [ € Z~( on the degree of the s-Popov relation basis of Syzy,(F)
(defaults to 8 = D + 1).

Output: the s-Popov relation basis of Syzy,(F).

1. /* Compute monomial basis and multi-Krylov submatrix */
<5%P + monomial order on K[X]"*™ as in Example 1.38
¢s 3 < indexing function as in Definition 4.2 and Section 4.1.3
(p1,--.,pa), B + KRYLOVRANKPROF(M, F, <3P, 2[log2(8)T)
Xecy, gb;é(pj) for j from 1 to A

2. /* Compute linearization of the m leading monomials */
T + zero matrix in K™*P

For 7 from 1 to m
a. SZ%{€]|1<‘]<AELDCIZ]:Z}

b. If S; = 0:

(i) 6; <0

(ﬁ) Ti,* — Fi,*
c. Else:

(i) 6; + 1+ max(S;)
(ii) T;. ¢ By, . where j is the integer such that e¢; = max(S;)
Right-multiply by M the submatrix of T of its rows ¢ such that §; > 0

3. /* Compute normal forms of the m leading monomials */
N € K[X]™™ + LINNORMALFORM(M, F, T, <5*P 3 B)
4. Return diag(X°%, ..., X%") - N
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4.3.3 Computing reduced Grobner relation bases

Now, we give the general algorithm for the multivariate case, with K[ X] = K[X7, ..., X,].
Let M = (M, ..., M,) be pairwise commuting matrices in KP*? let F € K™*P and let
< be a monomial order on K[X]'™™. In what follows, we use some tools introduced in
Section 1.3.5, concerning the border of the <-monomial basis of K[X]**™/Syzy,(F) and
the minimal generators of the monomial submodule in (Syzy,(F)).

Our approach to compute the <-reduced Grobner relation basis G of Syzy,(F) is the
same as in the univariate case. Namely, since Algorithms 1 and 2 provide us with efficient
methods to compute the <-monomial basis £ and <-normal forms modulo Syzy;(F), we
use &£ to find the set £ formed by the <-leading terms of the polynomials in G, and then
we deduce G as G = {f —nf-(f), f € L}.

In the algorithm below, the computation of
L= {ing(p),peGl={X%1<j<s}

can be done from & = {e1,...,ea} as explained in Section 1.3.5. In short, we first compute
the set of multiples S = {X}e;, 1 <k <r1<j<A}U{c,1 <i<m|c; €&}, from
which we then deduce the border B =8 — €. The latter is a set of generating monomials
for the monomial submodule in-(Syzy(F)). Since £ is the set of minimal generators of
in~ (Syzy (F)), it can be found from B by removing all monomials in B which are divisible
by another monomial in B. We recall that a monomial X®c; divides another monomial
Xc;y if i =i and X¢ divides X*¢'.

Unlike in the univariate case, in this context the number of generators s is not known
in advance; while it is at least m, it may also be much larger. We have the bound
s < rA + m, which follows for example from the computation of £ above since L C S
with Card(S) < rA + m; in the cost analysis below, we will use a similar argument. The
s normal forms of the monomials in £ can be computed efficiently using Algorithm 2, up
to the preliminary computation of the submatrix T of Kgz(M,F) formed by the rows
with indices in {¢< g(f), f € L}.

Proposition 4.19. Algorithm /j is correct and uses

(’)(mD“’_1 + D¥ log(QTHKkgr min (S, A)))
C O(mD*~' +rD¥log(A))

operations in K.

Proof. Concerning correctness, the construction of B ensures that after Step 2.d, the rows
of T}, are the rows ¢ g( X, ' X ci, ;) of K< g(M, F). Therefore, by definition of the lat-
ter matrix, after Step 2.e the rows of T}, are the rows F;,  ,M®i. Then, Proposition 4.16
implies that the row j of N computed at Step 3 is the normal form nf (X ¢, ;) with
respect to the module Syzy,(F). This shows the correctness of the algorithm since, as
explained above, the <-reduced Grébner relation basis is {f — nf(f), f € L}.
Concerning the cost bound, Step 1 uses (9(mD“’_1 + D% log(HKk@ min( S, A))) op-
erations, according to Proposition 4.13. Then, at the iteration k& of the For loop, the
multiplication at Step 2.e involves the s, x D matrix Ty and the D x D matrix M.
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Algorithm 4 — LINRELBAS
(Reduced Gréobner relation bases via linear algebra)

Input:
e pairwise commuting matrices M = (M, ..., M,) in KP*P
e matrix F € K™*P,
e monomial order < on K[X7,..., X, |*™
e degree bounds B = (f4,...,0,) € ZL, such that Hg (defaults to 8 =

(D+1,...,D+1)).

Output: the <-reduced Grobner relation basis of Syzy(F).

1. /* Compute monomial basis and multi-Krylov submatrix */
¢~ g < indexing function as in Definition 4.2
B+ (2Mos2(BUT oMloga(Br)T)
(p1,---,pa), B+ KrRYLOVRANKPROF(M, F, <, 3)
& < the <-monomial basis {gb;lﬂ(pk), 1<k <A}
2. /* Compute leading monomials and their linearizations */
L < minimal generating set for inL(Syzy;(F)) deduced from &
Lo+ LN{c;, 1 <i<m}
write Lo = {c;,,, 1 < j < so}
For k from 1 to r
a. L« {feLl—(LoU---ULp) | Xy divides f and X, ' f € £}
b. write £, = {Xic;, ,1 < j < si}
c. For jfrom1to sy p; < index such that p,, = ¢.<7ﬁ(Xk_1Xek’jCikﬂj)
d. Tj < matrix formed by the rows p, ..., us, of B, in this order
e. T + T,My,

T« [Tg [T |- | T
3. /* Compute normal forms of the s leading monomials */
N € K[Xq,..., X, ]**™ « LINNORMALFORM(M, F, T, <, 3, B)
write N = [NJ | NT | -+ | NJ]T with N, € K[ X3, ..., X,]5>™
4. Denote by Ny, ;. the row j of Ny, // normal form of X°®kic;,
Return Uycpe, {X ¢, , — Nijw 1 < J < 53 )
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Chapter 4. Computing relation bases via linear algebra

Since we have by definition s = Card(Ly) < Card(§) = A < D, this multiplica-
tion is performed in O(D¥) operations; over the r iterations, this leads to a total of
O(rD¥) = O(D“log(2")) operations. Finally, the cost for computing normal forms at
Step 3 is in O(A“"Y(D + s)) C O(mD“~! + D¥) according to Proposition 4.16. »
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5

Computing multiplication matrices
from a Grobner basis

In this chapter, we give the details of a fast algorithm to compute multiplication matrices
from a Grobner basis (Problem 6). For this, we make an assumption on the input ideal,
which is detailed in Section 5.1. We stated our result and gave a comparison with existing
algorithms in Section 2.2.3.

5.1 Structural properties of the monomial basis

In this section, we consider the multivariate polynomial ring K[X| = K[X},...,X,], and
a zero-dimensional ideal Z of K[X| of degree D. Using the terminology in Section 1.3.5,
this means that Z has finite codimension D as a K-vector subspace of K[X].

For a given monomial order < on K[X], our goal in this section is to present basic
properties about the shape of the <-monomial basis of K[X]/Z, and their consequences
on the computation of the multiplication matrices from a Grobner basis. To obtain a fast
algorithm, we will use additional properties which derive from the assumption that the
generic initial ideal of Z is Borel-fixed; this is stated formally at the end of this section.

Let us denote by € = {e1,...,ep} the <-monomial basis of K[X]/Z (see Section 1.3.2).
As in Section 1.3.5, we consider the set of monomials that are obtained from those in &
by multiplication by one of the variables:

S={Xpe;,1<k<r1<j<D}

Then, if M = (My,...,M,) are the sought multiplication matrices, for 1 < k < r the
row j of My is given by the coefficients of the <-normal form nf_(Xje;) in the basis £.
Assume that we are given the <-reduced Grébner basis G of Z, which is a convenient
tool to compute such <-normal forms and thus the matrices M. Among the <-normal
forms of the monomials in S, some are easier to handle than others.
More precisely, the monomials in & can be divided into three disjoint categories:

S=(S—BULUB-L),
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Chapter 5. Computing multiplication matrices from a Grébner basis

where B = S — £ is the border (see Section 1.3.5) and £ = {inL(g),g € G} C B are the
minimal generators of in. (7).

We first remark that S — B is included in &; in fact, we have £ = {1} U (S — B). As
a result, the monomials in & — B are their own <-normal forms, and the corresponding
rows of the multiplication matrices are coordinate rows that are obtained for free.

Besides, the monomials in the second set £ are the <-initial terms of the generators
in G. As such, we have G = {f —nf_(f), f € £} and thus the <-normal forms of the
monomials in £ can be computed from G using at most DCard(S) < rD? computations
of opposites in K. By opposite we mean having on input a € K and computing —a.

We conclude that, to obtain the multiplication matrices, the main computational work
is the computation of the <-normal forms of the monomials in B — L.

To the best of our knowledge, it is currently unknown how to achieve efficient compu-
tation of these normal forms with a sub-subic complexity, unless some assumptions are
made to obtain additional properties about the structure of the monomial basis.

In [FGHR14], it is showed how the Moreno-Socias conjecture for generic ideals [MS91,
MS03a] yields such a property [FGHR14, Proposition 7], leading to the efficient computa-
tion of the multiplication matrix of the smallest variable X,. We remark that [FGHR14]
focuses on the case of Shape Position ideals, and in this context one does not have to
compute the other multiplication matrices.

In this reference, the non-generic case is also dealt with [FGHR14, Section 4.2|, using a
generalization of [FGHR14, Proposition 7| which is known as a property of Borel-fizedness
of the initial ideal (see Lemma 5.1). This property holds after a random linear change
of variables; indeed, a theorem of Galligo and Bayer-Stillman states that, if the order <
refines the degree, then the generic <-initial ideal of Z is Borel-fixed (see for example
[Eis95, Section 15.9] for more details). We note that the latter result is not conjectural.

Following this line of work, we will make the assumption that the <-initial ideal of 7 is
Borel-fixed. We refer to [MS05, Chapter 2| for a definition; here, we are mainly interested
in the characterization stated in Lemma 5.1 below. It gives a structural property which
is the key behind the efficiency of our algorithms.

Lemma 5.1 ([MSO05, Proposition 2.3|). Assume that the characteristic of K is zero. Then,
a monomial ideal J C K[X] is Borel-fized if and only if for any f € J that is divisible
by X, then %f e J foralli <j.

For an illustration, we note that the monomial ideal in Fig. 1.2 has this property. The
following sections extend the work in [FGHR14| concerning the computation of M,., by
exploiting the Borel-fixed property to further compute all other multiplication matrices
efficiently.

5.2 The case of two variables

In this section, we focus on the case of two variables, with Z being an ideal of K[X, Y.
In what follows, we use notation from the previous section. Furthermore, for any set
of monomials A C K[X, Y], we write nf;(A) to denote the set of <-normal forms of the
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5.2. The case of two variables

monomials in A. Then, our goal is to compute nf o(B — L), where
B = ({Xe;.1< ) < D}U{Ve;1 <j< DY) —{e;,1<j < D}.

In our algorithm, we will first compute the multiplication matrix My, and then M x. We
have the following result.

Lemma 5.2. Let < be a monomial order on K[X,Y], and let G be a <-reduced Grobner
basis defining a zero-dimensional ideal T € K[X,Y| of degree D. Then,

(i) knowing My, one can compute Mx using O(D*log(D)) operations in K;
(ii) assuming K has characteristic zero and that inL(Z) is Borel-fized, then
{Ye;j,1<j<D}CEEUL,
and My can be obtained via the computation of O(D?) opposites of field elements.

Proof. (i) According to Section 5.1, the rows of Mx corresponding to normal forms in
nf (€ U L) are obtained in O(D?) operations in K. It remains to compute its rows that
are given by nf_(Bx), where

Bx ={Xe;,1<j<D}—{eg;,1<j< D}

for this, we give details on the structure of By.

We write £ = {X*Y¥5 1< j < s} with (41, 8j11) <iex (@), 3;) for 1 < j < s; notice
that (o) is strictly decreasing with o, = 0, and (f3;) is strictly increasing with 8; = 0.
Then, we have

By = {X¥YPt* 1 <k < Bjy1— B, 1 <j<s—1}.

Now let v; € K!*P be the vector which gives the coefficients of nf(X%Y ") in the
basis &, for 1 < j < s. Since {vy,...,Vv,} corresponds to nf (L), these vectors are among
the first set of rows of My that have already been computed. Then, the normal forms
nf(Bx) can be obtain from the fact that

nf_ (X YPi**) is given by v;M§ for 1< k< B —B;1<j<s—1.

We will study this kind of computation separately below in Section 5.3. In short, the
cost bound in Lemma 5.3 and the inequality st Bj+1 — Bj = Bs < D ensure that
nf_(Bx) can be computed using O(D* log(D)) operations in K.

(#7) This item is proved in [FGHR13, Section 7|, although under slightly different
assumptions; we still give a proof here for completeness.

Assume that for some j we have Ye; ¢ £ U L. First, Ye; ¢ £ implies that Ye; €
ino(Z). Then, Ye; is a multiple of some f € L£: there are exponents «, § > 0 such that
Ye; = fX*YP. The fact that Ye; ¢ £ implies that either a > 0 or 3 > 0.

If 3> 0 then we would have ¢; = fX°Y?~! € in (Z), which is not the case since
g; € £. Hence Ye; = fX* with a > 0. Then, fX*! € in4(Z), and since by assumption
K is of characteristic zero and inL(Z) is Borel-fixed, Lemma 5.1 implies that % fXot =
%X @ = ¢; € iny(7). Again, this is a contradiction since ¢; € £. Therefore there is no
such j, and we have the announced inclusion. M
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Chapter 5. Computing multiplication matrices from a Grébner basis

As a consequence, if K has characteristic zero and in(Z) is Borel-fixed, then the
multiplication matrices M x and My can be computed from the <-reduced Grébner basis
G using O(D¥ log(D)) operations in K.

5.3 Computing rows of a Krylov matrix

In this section, we detail a simple method for the computation of a collection of vector-
matrix products of the form vIM¢ (Algorithm 5), obtaining efficiency via the use of re-
peated squaring of the matrix M.

In this algorithm we use the following notation: for a matrix N € whose rows
are indexed by a set P of cardinality m, then for any subset P’ C P, the notation
Submatrix(N, P’) stands for the submatrix of N with the rows whose indices are in P’.
Furthermore, when we write an assignment operation Submatrix(N,P’) < A for some
matrix A € KCd(P)xD “this does modify the entries of N.

Kme

Lemma 5.3. Let M € KP*P et vi,...,v,, € KMP, and let y1,...,7m € Zsg, for some
n € Zso. Then, Algorithm 5 computes the row vectors Ui<j<,{v;M¢, 1 < e < v;} using

O(D%log(1 + p) + D *dlog(1 + pn/d))
operations in K, where d = v, + -+ - + 7y, and p = maxi<;<n V-

Proof. Here, we use notation from the algorithm, and we also denote by § = d/n the
average of 7v1,...,7v,. The product at Step 5 uses O(D*~}(D + n)) C O(D¥ + D*"1n)
field operations. Over all iterations of the While loop, Step 6.a O(D“ log(u)) operations.
Concerning Step 6.c, we have the following bounds:

e For 1 < i < logy(d), we are multiplying an Card(P;—;) x D matrix and a D x D
matrix, with Card(P;_;) < 2"'n. This costs O(D“~ (D + 2'n)) for one 7, and thus
O(D“"Y(Dlog(d) + d)) overall.

e For iterations with log(d) < i < [log(u)], we have a similar multiplication with

the left-hand side having Card(P;_;) < Card(P) = d rows. Overall, this uses
O(D*~ (D + d)log(u/9)) field operations.

Summing these bounds leads to the announced cost, noting that the ones in the logarithms
are added to take into account the cost of Step 5 when 7y =--- =+, = 1. M

5.4 Computing the multiplication matrices

In this section, we generalize our results of Section 5.2 to the case of r variables. We
follow a similar strategy, computing iteratively the matrices M, M,._1, ..., M.

Assuming that in.(Z) is Borel-fixed and using the same ideas as in Section 5.2, we
can indeed obtain M, by computing the normal forms of the monomials in £ U £, and we
can also obtain M, _; by iterating M, on these normal forms.
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5.4. Computing the multiplication matrices

Algorithm 5 — KRYLOVEVAL
(Computing rows of a Krylov matrix)

Input:
e a matrix M € KP*? for some D € Z-o,
e Tow vectors vy, ..., v, € K*P for some n € Z-y,

e bounds vy,...,V, € Zsg.

Output: the matrix N € KO0++m)xD whose row y; + - - - +7j-1 +e is equal
to v;M¢, for 1 <e < 1;, and for 1 < j < n.

—

¢ PF{(ea.])?l 7]7 n}
N «+ 0 ¢ ]K(“Jr JW")XD with its rows being indexed by P sorted in
lexicographic order

3. MO « M
4. Po—{(1,j),1<j<n}
Vi
5. Submatrix(N,Py) « | : | M©

Vn

i

6. For i from 1 to [log,(max;y;)]:
a. If i = 1 then M) « M else M® « MG~ . MG-D

b. P« {(e,7),27 <e <21 <n}
C. Pi—l :PH(P()U"'UPi_l) :Pﬁ{(e,j),l 2z ! 1 n}
d. Piy={(e+2717),(e,§) €Pi1} // (POP;)C Py CP;

e. NO Suibmatrix(N,fi_l) M with the rows of N being in-
dexed by PU~1 sorted in lexicographic order

f. Submatrix(N, P N P;) < Submatrix(N® P N P)
7. Return N
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Chapter 5. Computing multiplication matrices from a Grébner basis

However, M,._5 cannot be obtained by simply iterating M, _; on the normal forms in
nf- (€ U L) and those given by the rows of M,_;. The reason is that some of the normal
forms which constitute the rows of M, _5 are actually obtained by iterating M, on the
normal forms in nf(L).

Thus we will change our focus, from the computation of the multiplication matrices,
to that of the normal forms which we can obtain from the known multiplication matrices.
Roughly, our algorithm is as follows. We start from S, = EUL, for which we have seen how
to efficiently compute nf.(S,). The Borel-fixed property ensures that these normal forms
contains those giving M,.. Then, we consider the monomials §,_; that can be obtained by
iterating X, on EUL, and using M, we compute their normal forms nf_(S,_1). Thanks to
the Borel-fixed property again, this gives in particular M,_;, but also additional normal
forms which give some rows of multiplication matrices M for i < r—1. Then, we continue
this process until 7 = 1: at this stage, we have covered the whole set of monomials S and
we thus have all the normal forms in nf_(S). We recall that nf(S) precisely corresponds
to the rows of the multiplication matrices My, ..., M,.

More precisely, we consider the following subsets of SU {1} = £ U B, of which we will
compute the normal forms iteratively:

e for : = r, the set of monomials
S,=EUL CEUB,

whose normal forms are trivial or directly obtained from the <-reduced Grobner
basis G;

e for 1 < ¢ < r, the set of monomials in £ U B which are obtained from £ U £ through
multiplication by a monomial in the variables X;.q,..., X,:

Si={X X frenn,. ..., 20, f €EULYN(EUB),

whose normal forms can thus be obtained from those in nf (£ U £) through multi-
plication by powers of M, 1, ..., M,, in the case where these matrices are known.

Then, we define S, = Sr =E&ULfori=r,and §; = SZ — Si+1 for 1 < i < r. Therefore S’Z
is the disjoint union S;U---US,, and §; is the set of monomials in B — Siﬂ which can be
obtained from £ U £ through multiplication by a monomial in the variables X; q,..., X,
which does involve the variable X; ;. That is, we can describe §; as follows,

Si={X X frenn > 0,ei9,...,6, 20, f €EEULYN (B—Siyy)
={Xi.f,e>0,f¢ Si+1} Nn(B - Sz‘—i—l)
= {f eB— SZ'+1 ’ de > O,X;_elf S Si+1}-

~

In particular, nf(S;) can be deduced from nf.(S;,;) through multiplication by powers
of M, 1, if the latter matrix is known.

We have

B—,C:SlU"'UST_l,
and SU{1}=&UB=EULU(B-L)=8§U---US,
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5.4. Computing the multiplication matrices

so that nf(S) can be obtained by iteratively computing nf-(S;) for ¢ from r to 1. Our
goal is to show that this strategy yields an efficient algorithm when in.(Z) is Borel-fixed.

Remark 5.4. One first question is whether the sets of monomials (S;)1<;<, can be efficiently
determined. For example, this can be done while building B from G, or afterwards by
an iteration for ¢ from r to 1 as in Algorithm 6. In any case, this does not involve field
operations, but only integer comparisons, so that here the time for finding (S;);<;<, is not

Ll

taken into account in our cost bounds. -®*

Algorithm 6 — NEXTEXPSET
(Computing the next exponent set S;)

Input:
e the border B,
e the exponent set S;,1 = S; 1 U---US, for some 1 <1 < r.

Output: the exponent set S;.

1. Write Sprl ={fi,.... fn}
2. For j from 1 to N:

a. e« 0
b. While X f; € B~ Siya:
(i) e+—e+1
c. Ife>0:
(i) S« S U{Xinafj, ..., X515}
3. Return §;

Now, we focus on the computation of the normal forms nf_(S). The efficiency of our
iterative algorithm is based on the following fact. As a consequence of in4(Z) being Borel-
fixed, the structure of S is such that the knowledge of the normal forms nf (S, U---US,)
directly gives the multiplication matrices M, ..., M,. We first detail this claim in the
following lemma.

Lemma 5.5. Let < be a monomial order on K[Xy,...,X,|, and let G be a <-reduced
Gréobner basis defining a zero-dimensional ideal T € K[Xq,...,X,] of degree D. Let us
assume that K has characteristic zero and that inL(Z) is Borel-fized. Then, we have

{Xig;,1<j<D} C & forall1<i<r;

A

in particular, the multiplication matrices My, ..., M, can be read off from nf_(S;).

Proof. This proof uses arguments similar to those in the proof of Lemma 5.2. For i = r,
this inclusion is already proved in [FGHR13, Section 7]. For i = 1, the property is trivial
since §; =SU{l} =EUB.
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Let i € {1,...,r}. Then, for all i' € {i+1,...,r}, the fact that {X;e;,1 <D} C
Si1CS; 1mphes that My can be read off from nf(S;). Now let us fix j € {1 ,D}.
As above we have X;e; € 81_1, but our goal is to use the fact that inL(Z) is Borel ﬁxed,
to prove that we actually have X;e; € SZ-, or in other words, X;e; & S;_1.

If X;e; € £EUL =S, then the conclusion follows from S, € S;. Let us now consider
the case X;e; & EUL. Thus Xie; € ins(7), and therefore there exist exponents (ou)1<k<r
not all zero and a generating monomial f € £ such that X;e; = X7 --- X2 f.

Suppose that there exists k € {1,...,i} such that ap > 0. If k =i then from a; > 0
we have that ¢; is a multiple of f and thus ¢; € in<(I), which is not the case; hence
kE<i Ifi=1, there is no such k; otherwise, we have X € in4(Z), and by Lemma 5.1
this also leads to = 2 X, )E(]k = ¢; € in(Z). In any case, there is no such k, that is, we

have ay = -+ = ; = 0. If i = r this contradicts the definition of (ax)i<r<, and therefore
X;e; € EUL; otherwise this gives the conclusion X;e; = X7 -+ X f € §;—(EUL). M

Next we show how one can efficiently compute nf(S;) from nf_(S;1) when M, is
known. The cost bound we give for our approach depends on a parameter 7;, which is
defined as follows. For i € {1,...,r — 1}, it is the largest exponent e such that there is a
monomial f € B satisfying X7 | f € B:

n; = max{e € Zxo | Xi,,f € B for some f € B}. (5.1)
Note that we do not allow f to be in the monomial basis £.

Lemma 5.6. Let < be a monomial order on K[Xy,...,X,]|, and let G be a <-reduced
Grobner basis defining a zero-dimensional ideal T € K[X1,...,X,] of degree D. Given
ie{l,...,r—1}, Sit1, and nf 2 (5}-“), there is a deterministic algorithm which computes
S and nf(S;) using O((D* + D“71C;)log(n;)) operations in K, where C; = Card(S;).

Proof. First, from Lemma 5.5 we know that the normal forms in nf_(S;11) contain all
those that define the multiplication matrix M;,, which we thus have without performing
any additional field operation.

Then, S; can be determined from (SA’Z-H without field operation as shown in Algorithm 6
(see also Remark 5.4). More precisely, we obtain S; in the following form:

Sz’ U {X +1f], <e< ej}? (52)

1<j<N

where e1,...,ey >0and {f;,1<j< N} C Si+1. More precisely, {f;;1<j < N} is the
subset of the monomials f; € 3@+1 that are such that Xf}rl ;€ B— 5@+1 Remark that
e1+ - +ey = Card(S;) = C;.

Going to the normal forms, this directly gives

nf(S U {v;My7,,,1 <e<ej}, (5.3)

1N

where v; € K is the coefficient vector of f; in the basis £. Therefore, according to
Lemma 5.3, nf(S;) can be computed using

O((D¥ + D ey + - - + en)) log(maxe;)) C O((D* + D“71Cy) log(ny))
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operations in K. »

Algorithm 7 — MULMAT
(Multiplication matrices from reduced Grébner basis)

Input:

e a monomial order < on K[Xy,...,X,],
e a <-reduced Grobner basis G defining a zero-dimensional ideal 7

Output: the multiplication matrices My, ..., M, in K[X},..., X,]/Z.

1. Read £ and € = {ey,...,ep} from G
3. S« EUL; N «nf (S)
4

. For i fromr —1 to 1:

a. Read M, from S
b. Compute S; = U, ; y{X51fj 1 < e < e} as in Eq. (5.2), using
Algorithm 6 on input B and S

c. Compute nf(S;) = U, ;o n{v;Mi11,1 < e < e} as in Eq. (5.3),
using Algorithm 5 on input M4, (vi,...,vy), and (eq,...,en)

d. S+ SUS; N «nfL(S)UN

5. Read M; from S
6. Return My,... . M,

The correctness of Algorithm 7 follows from the results and discussions in this section.
The next proposition implies Theorem 2.14, and gives a more precise cost bound.

Proposition 5.7. Let < be a monomial order on K[ X7, ..., X,], and let G be a <-reduced
Gréobner basis defining a zero-dimensional ideal T € K[X7, ..., X,] of degree D. If K is
of characteristic 0, and if inL(Z) is Borel-fized, then Algorithm 7 solves Problem 6 using
O(D¥~'Card(S)log(n)) € O(rD¥log(n)) operations in K, where

n =max{e € Zso | X{f € B for some f € B and some 2 < i < r}.

Proof. First, we compute S, = S, = £U £ and nf<(5}) from G, using O(rD?) computa-
tions of opposites of field elements. Then, we iteratively apply Lemma 5.6 to obtain the
remaining matrices. The overall cost bound is O}, ;,_,(D¥ + D*7'C;)log(;)), with
C; = Card(S;). Using the upper bound C; + - -+ + C,_; < Card(S) < rD and the fact
that max; n; = 1, we obtain that the claimed cost bound. n
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6

Preliminaries and ingredients

6.1 Multiplication time functions for polynomials and
polynomial matrices

In what follows, we use the time function d — M(d) for polynomial multiplication over a
field K, as in [GG13, Section 8.3]: M(-) is such that, for any positive real number d, two
polynomials of degree at most d in K[X]| can be multiplied using M(d) operations in K.

Concerning assumptions on M(d), we will mainly restrict ourselves to the most widely
used one, called the superlinearity property:

Huey = M(d)+M(d) < M(d+d') for any d,d" > 0. (6.1)

One may of course consider that M(-) is at most quadratic, that is, M(d) € O(d?). Fur-
thermore, it follows from the algorithms in [Sch77, Nus80| that M(d) can be taken in
O(dlog(d) log(log(d))).

In some situations, it may be helpful for better cost bounds to require the stronger
bound M(d) € O(d“~1). It was done for example in [GSSV12] for the reduction of polyno-
mial matrices and in [ZL12| for the computation of approximant bases. Since we assume
w > 2 and there are known quasi-linear algorithms for polynomial multiplication, this is
not an unreasonable assumption; yet, we will only use it sporadically, and always recall
it explicitly.

In this thesis, we also use time functions related to the multiplication of univariate
polynomial matrices. The multiplication time function (m,d) — MM(m,d) concerning
m X m matrices of degree d is used for example in [Sto03, GJV03]. Like in these references,
we also define a related quantity (see also Definition 12.1) that typically arises in divide-
and-conquer computations.

Definition 6.1. Let m and d be two positive real numbers. Then, (m,d) — 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 define

MM"(m,d) = Y 2'MM(m,27'd).

0<i<log(d)
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It follows from [CK91] that one can always consider that MM(m, d) € O(m“M(d)). In
some situations, if the field K has sufficiently many elements, one may use an interpolation-
evaluation schemes which yield better bounds such as O(m“d +m?M(d) log(d)); for more
details, we refer to [ThoO1, Tho02, BS05]. Here, unless indicated, we will not make such
assumptions on K; we will only use the following assumption on MM(-, -) which extends
the super-linearity in Eq. (6.1) to polynomial matrices:

Hume,) © MM(m,d) + MM(m,d') < MM(m,d + d') for any m,d,d" > 0. (6.2)
It follows from this assumption that we have the upper bound
MM”(m,d) € O(MM(m,d)log(d)) € O(m“M(d)log(d)). (6.3)

We note that, in the case where one chooses for MM(m, d) some constant multiple of
m“M(d) or of m“d + m*M(d)log(d), then Hum(.,) is a direct consequence of Hp.).

6.2 Using the minimal degree to ensure uniform shift
and output degrees

In this section, we consider the general case of univariate relation basis computation. For
an arbitrary instance of Problem 4, we explain how the knowledge of the shifted minimal
degree of the output module can be exploited in order to transform this instance into
another one for which the input shift is almost uniform and any shifted minimal basis is
known to have almost uniform degrees. This reduction is used in our fast algorithms for
approximant bases (Chapter 7), for solution bases (Chapter 8), and for interpolant bases
(Chapter 14), and combines ideas from Section 1.2.1 with partial linearization techniques
from [Sto06].

Let M, F, and s be the input of Problem 4. We study the situation where the s-
minimal degree & € ZZ, of Syzy(F) is known. In this context, we first recall from
Lemma 1.26 that the relation basis of Syzy;(F) in —d-Popov form is actually equal to
that in s-Popov form.

Furthermore, this result also states the two following interesting properties. First,
from any —d&-minimal relation basis R of Syzy,(F), the s-Popov basis can be retrieved
with a simple constant unimodular transformation: it is Im_5(R)™'R.

Besides, R has column degree cdeg(R) = §, precisely like the sought s-Popov basis;
thus the sum of the column degrees of R is at most D according to Lemma 2.10, and
its size is in O(m? + mD). A remaining difficulty may be the unbalancedness of these
column degrees: while the sum of the entries of § is at most D, the amplitude of § may
be large, for example when § = (D, 0,...,0).

Let us study the unbalancedness of the shift d = —4 in terms of the quantities dis-
cussed in Section 1.2.2 concerning assumption Hg; and Hgo. First, the sum |d — min(d)|
may be as large as ©(mD). However, we have |max(d) — d| < || < D, so that d satis-
fies Hso. Techniques relying on the partial linearization in [Sto06, Section 3| have been
already used to deal with such shifts in specific situations, namely for the computation of
approximant bases [Z1.12, Algorithm 2].
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Furthermore, here we know the column degrees é of the output basis. Then this partial
linearization leads to transforming our instance (M, F,s) into another one, with slightly
larger dimension m but with an almost uniform shift and with the guarantee that the
degrees in the output basis are almost uniform.

Lemma 6.2. Let M € KP*P F € K™*P ands € Z™, and let § = (61,...,0,) denote
the s-minimal degree of Syzy,(F).

Then, let 6 = [D/m] > 1, and for i € {1,...,m} write §; = (a; — 1)d + B; with
a; = [0;/0] and 1 < B; < 0 if 0; > 0, and with o; = 1 and B; = 0 if 6; = 0. Let further
m=a;+ -+ qp, and deﬁnegezg”o as

8=1(6,....0,B1,....0,....6, 5Bm) (6.4)
—— ——

and the expansion-compression matriz £ € K[X]™*™ as

1
X6
X(ai—l)&
&= (6.5)
1
Xé
X(a%fl)é

Let d = =8 € Z™ and R € K[X]™™ be a d-minimal relation basis of Syzyy(€ - F).
Then, the s-Popov relation basis of Syzy(F) is the submatriz of Img(R)™'RE formed by
its rows at indices oy + -+ -+ a5 for 1 < i < m.

Furthermore, we have m < m < 2m and max(d) — min(d) < [D/m].

Proof. We start by proving the inequalities on m and the amplitude of d. We have
a; < 1+06;/6 <1+ md;/D for all i. Thus, since |§| < D according to Lemma 2.10, we
obtain m = a; + -+ + @, <M+ Zlgz’gm md;/D < 2m. The remark on d follows from
the fact that all its entries are in {—4,...,0} with 6 = [D/m/].

Let P denote the s-Popov relation basis of Syzy,(F); P has column degree . First, we
partially linearize the columns of P in degree § to obtain P € K[X]|™*™; more precisely,
P is a matrix of degree at most 8 and such that P = PE. Then, we define P € K[X]™*™

as follows:
e for 1 <i<m,therow a; + -+ off’istherowiofﬁ;

efor0 <t <m-1land 1 < j < a1 — 1, therowa1+‘~~+ai+joflgis
the row [0,---,0, X%, —1,0,---,0] € K[X]"™™ with the entry X° at column index
ar+---+a;+ .

157



Chapter 6. Preliminaries and ingredients

Since P is in s-Popov form with column degree 4, it is in —4-Popov form by Lemma 1.26.
Then, one can check that P is in d-Popov form and has d-row degree (0,...,0).

By construction, every row of P is a relation of Syzm (€ - F). In particular, since R
is a relation basis of Syzy (€ - F), there is a matrix U € K[X]™™ such that P = UR.
Besides, there is no relation p € K[X]'*™ for Syzy;(€ - F) which has d-degree less than
0: otherwise, p€ would be a relation of Syzy;(F), and it is easily checked that it would
have —d-degree less than 0, which is impossible.

Thus every row of R has d-degree at least 0, and the predictable degree property in
Theorem 1.11 shows that U is a constant matrix, and therefore unimodular. Then, P is
a relation basis of Syzy; (€ - F), and since it is in d-Popov form, by Lemma 1.26 we obtain
that P = Img(R)'R. The conclusion follows. n

6.3 Computing residuals for systems of linear modular
equations

In the framework of relation bases, the case of linear modular systems corresponds to a
multiplication matrix M in companion-block diagonal form; our fast algorithms to solve
Problem 4 in this case use divide-and-conquer approaches sketched in Sections 2.3 and 2.5.
They involve in particular the computation of residuals which, for matrices P € K[X]|™*™
and E € K™*P are products of the form P - E as defined in Section 2.1.2. We showed in
Section 2.5.1 that the multiplication matrix induces moduli M = (my, ..., m,) € K[X]Z,
and E induces a matrix F € K[X]™*"™ which are such that P - E corresponds to the
modular polynomial matrix product PF mod 91, meaning that the column j is computed
modulo m;. In this section, we focus on the efficient computation of such residuals.

Let us describe the degree profiles of P and F. The columns of F are considered modulo
9, so that its column j has degree less than deg(m;). Since we make no assumption on
the degrees of the moduli, the column degrees of F may be unbalanced: all we know is
a bound on their sum, |cdeg(F)| < deg(m;) + --- 4+ deg(m,) = D. On the other hand,
in our algorithms, the matrix P is the outcome of a previous recursive call, and therefore
is in shifted Popov form. Thus, we have a control over the degree of its determinant via
Lemma 2.10, or in other words, over the sum of its column degrees, which will typically
be close to D. To summarize, a good parameter to model the degrees of P and F is given
by an integer d € Z- for which |cdeg(P)| < d and |cdeg(F)| < d.

We compute such a modular product PF mod 9 with unbalanced column degrees in
two steps. The first one involves a partial linearization of the columns of P, following
ideas similar to those used in Lemma 6.2. This essentially helps us to reduce to the case
of P having almost uniform column degrees, that is, deg(P) € O(d/m).

Having such degrees for P, in the second step, it remains to multiply P and F, knowing
that |cdeg(F)| < d. For this, we also use a partial linearization technique, which is a
simplified version of the one in [GSSV12, Section 6| for the purpose of multiplication.
This technique consists in expanding the high-degree columns of F so as to obtain a
matrix F' with more columns but degree at most d/m, then computing the product PF,
and finally retrieving the actual product PF by grouping together the columns that have
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been expanded. Formally, we have the following result.

Lemma 6.3. Let P € K[X]"*™ and F € K[X|™™. Let d € Z~o be such that d = m
deg(P) < d/m, and |cdeg(F)| < d. Then, assuming n € O(m), the product PF can be
computed using O(MM(m,d/m)) operations in K.

Proof. We write (dy, . ..,d,) = cdeg(F), and we let § = [d/m]. For 1 < j < n, the column
F.; of degree d; is expanded into a; = 1+ [d;/(6 + 1)| columns F, (), ..., F. w(ray—1)
each of degree at most ¢, related by the identity

F.;j=F. o+ X "E Gy+-+ XS DOER, G ). (6.6)

The expanded matrix F has ar+ - +oa, <N+ % < n+m columns F*,(j,z‘)- Assuming
n € O(m), the product PE can then be computed using O(MM(m, d/m)) operations in
K. It remains to perform the inverse operation, called partial compression: the column
j of the product PF is obtained from the columns (7,0),...,(j,a; — 1) of PF using the
formula in Eq. (6.6). »

We now state our result concerning the computation of residuals. As in the lemma
above, for efficiency we require that n be not much larger than m.

Lemma 6.4. Let M = (m;); € K[X], and define D = (D;); € Z%, by D; = deg(m;)
for1 < j<n. LetP € K[X]mxm F € K[X]™*" with cdeg(F) < D, and let d > m be
such that d = Dy + - -+ D, and |cdeg(P)| < d. Then, assuming n € O(m), the modular
product PF mod MM can be computed in O(MM(m, d/m) + mM(d)) operations.

Proof. We start by using the partial linearization technique in Lemma 6.2 to make the
column degrees of P almost uniform.

We use Lemma 6.2 with 6 = cdeg(P) and § = fd/m} to build a matrix £ € K[X]™*m
as in Eq. (6.5); since |6 < d, we have m < m < 2m. Then, the columns of P can be
expanded into a matrix P € K[X]™*™ of smaller degree; precisely, it is such that P = PE
and deg(P) < [d/m]. We note that £ and P are obtained without field operation.

Let us then define F = £F mod 901. We will first compute F and we will see that after
that the sought modular product can be computed efficiently by relying on the identity
PF mod 9t = P F mod 9.

We use notation from Lemma 6.2, denoting by «; the number of powers of X in the
column i of £, for 1 < ¢ < m. We recall that £ has m = a; + -+ + «,, < 2m rows.
Now, we write F = [f;;];; and we let j € {1,...,n}. The column F*,J = EF, ; mod m;
is formed by the m subcolumns [X* f;; mod m;]{ ;. for each i € {1,...,m}, where
d = [d/m] as above. The entries of the i-th subcolumn are computed iteratively in a
total of O(a;(M(D;)+M(d/m))) operations using fast polynomial division with remainder
[GG13, Chapter 9]. With the super-linearity property Hw.), summing these costs over i
and j implies that F can be computed in O((m+n)M(d)) € O(mM(d)) operations under
the assumption n € O(m).

Now, we have deg(P) < 2d/m, as well as cdeg(F) < D which implies |cdeg(F)| < d.
Then, according to Lemma 6.3, the product PF can be computed in O(MM(m, d/m))
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field operations, assuming n € O(m). The j-th column of PF has m < 2m entries, each
of degree at most D; 4+ 2d/m: this column can be reduced modulo m; in O(m(M(D;) +
M(d/m))) operations |[GG13, Chapter 9]. Summing over 1 < j < n, and assuming
n € O(m), this is in O((m + n)M(d)) C O(mM(d)). »

6.4 Computing shifted Popov relation bases iteratively
for a triangular multiplication matrix [BLOO]

In this section, we present in detail the iterative algorithm of [BL00, Algorithm FFFG|,
designed to compute relation bases as in Problem 4 when the multiplication matrix is
upper triangular. The focus in [BLO0O0| is on the design of a fraction-free algorithm, and
therefore the cost bounds announced in this reference are pessimistic if one wants to apply
this algorithm in a context such as ours here.

Below, we translate this algorithm into our framework, and we study its complexity in
two cases: when the multiplication matrix is upper triangular, and more specifically when
it is in Jordan form. The main difference between these two cases is that multiplying
the Jordan matrix by a vector is linear in the dimension, while for a triangular matrix
it is quadratic in general. If one has some motivations leading to consider intermediate
situations between Jordan and triangular, then one may easily generalize the cost analysis
so as to make the cost bound depend on the cost of vector-matrix products.

Proposition 6.5. Algorithm 8 is correct and uses O(mD? + D3) operations in K. If the
multiplication matriz M is in Jordan form, then it uses O(mD?) operations in K.

Proof. Let us denote by MU) € K7*7 the leading principal j x j submatrix of M, and by
FU) € K™% the submatrix of F formed by its first j columns. To show the correctness
of the algorithm, we prove the following loop invariant: at the end of the iteration j, the
matrix P is the s-Popov relation basis of Syzys;) (FU)), and we have t = rdeg,(P) as well
as G=P-F.

Concerning the initialization at Step 1, the identity matrix is the s-Popov basis of the
whole module K[X]|'*™ ¢t =s = rdeg,(I,,), and G =F =1,, - F.

Then, let j > 1 and assume that at the beginning of iteration j, the matrix P is the
s-Popov relation basis of Syzy-1) (FU™Y), t = rdegy(P), and G = P - F. The fact that
M is upper triangular implies that we have solved a first part of the problem: indeed, P
being the s-Popov relation basis of Syzyi-n (FU™Y), it is precisely the s-Popov basis of
the module

MO = {p € K[X]"*™ | the j — 1 first columns of p - F are zero}.

Aiming now at having the s-Popov relation basis of Syzy) (F7)), we follow the strategy
indicated in Theorem 1.28, which leads us to consider the module

M = (X e K[X]™™ | AP is a relation of Syzy) (FY)}
= {X € K[X]"*™ | the first j columns of (AP) - F are zero}
= {X € K[X]"*™ | the column j of A - G is zero}.
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Algorithm 8 — ITERRELBAS
(Iterative relation basis for triangular mult. mat.)

Input:

e matrix M € K”*P upper triangular,
e matrix F € K™*P,
e shift s € Z™.

Output:
e the s-Popov relation basis of Syzy,(F).

1. P« 1I,; t=(t1,....tm) < copy(s); G = [g;;li; < copy(F)
2. (x1,...,2p) < the diagonal entries of M
3. For j from 1 to D:

If G.; #O0:

a. 7« min{i € {1,...,m} | g;; # 0 and ¢; = min(t)}

1 91,5 |9
b. f) « —— : and f® ¢« — :
9r.j 9r.j
Ir—1,j Gm,j
| £
c. PU) X —
£(2) L, .
d. P+ PUP
e. compute the residual G < PU) . G as follows:
I, , fO
o G+ 1 G
f@ 1,

e G+ G, .(M—uz;Ip)
f. t < rdeg,(PY) = (t1, ..., tr_1,te + Litest, ... tm)
0 + t — s with componentwise addition
h. [p 1 p®] « row 7 of Im_;(P)

Iﬂ—l
i. UV« 1Im_4P)' = |-p® 1 —p®

Im—7r

0

j. P+« UUP;, G« UYG
4. Return P
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The last identity holds because the first j —1 columns of P-F = G are zero by assumption,
and thus since M is upper triangular the first j — 1 columns of A - G are zero for any A.

If the column G, ; is zero, then the t-Popov basis of M® s the identity matrix;
without changing P, t, and G we directly obtain that P is the s-Popov relation basis of
Syzy) (FY). In this case, the iteration j of Algorithm 8 does not perform any operation.

Now suppose that G, ; # 0, and let us use the notation 7, f!), f? and PU) from the
algorithm. It is easily verified that P is the t-Popov basis of M. (Notice that the
specific choice of 7 plays a role in this property: choosing another 7 such that ¢, = min(t),
if one exists, leads to a basis PU) which is t-reduced but not t-Popov.)

As a consequence, according to the item (iii) of Theorem 1.28, the product P < PUP
is an s-ordered weak Popov relation basis of Syzy;) (F@)). It remains to normalize this
updated P into s-Popov form.

At Step 3.f, we compute t < rdeg, (P\)) which is thus t = rdeg,(P). Then, the tuple
6 computed at Step 3.g is the s-pivot degree of P, and thus the s-minimal degree of
Syzy) (FY) by Lemma 1.25. By construction of P, this matrix has column degree § and
its —d-leading matrix has the special shape

IW—I
Im_s(P) = |-p" 1 —p®|,

Im—7r

which comes from the fact that all rows of P except the row 7 are already normalized. In
particular, P is in —d-reduced form, and thus from Lemma 1.26 it follows that its s-Popov
form is equal to Im_s(P)~'P. These remarks explain how we compute the s-Popov basis
in Steps 3.h to 3.j.

Finally, since the combination of Steps 3.e and 3.j computes G + (UVWPU)) . G, we
have G =P - F.

Let us now focus on the cost bound. We consider the iteration j of the For loop.

First, computing PY) and UY) involves O(m) field operations. Indeed, PY) is com-
puted at Step 3.b with less than m divisions, while for UY) one simply has to read the
coefficients [p®) 1 p®)] of degree & of the row P, . (Step 3.h), and to compute their
opposites (Step 3.i).

Concerning the residual G € K™*P | the first multiplication at Step 3.e and the one at
Step 3.j use both O(mD) field operations thanks to the specific form of the left-operands.
Then, the vector-matrix product G, .(M — z;Ip) at Step 3.e uses O(D?) operations in
general, and O(mD) operations if M is in Jordan form, since in the latter case M — z;Ip
has at most two nonzero elements per column.

It remains to study the computations related to P at Steps 3.d and 3.j. At the
beginning of the iteration j, P is the s-Popov relation basis of Syzy-n(FU™) and is
thus such that |cdeg(P)| < 7 — 1 by Lemma 2.10. Then, Step 3.d can be efficiently done
by first left-multiplying the row 7 of P by the column 7 of PU), and then adding the
other rows; that is, we use the formula

£ |
P+PIP=|X—z|P,. + 0 P.
£2)

Im—7r
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Since |cdeg(P)| < j—1 and P is in s-Popov form, it has at most j — 1 columns which are
not coordinate column vectors; as a result, PUP is computed in O(mj) field operations.
Furthermore, we have explained above that the obtained P after this operation has sum
of column degrees at most j, and although it is not necessarily in s-Popov form, only
its row 7 is not normalized. Then, similarly, the product [-p® 1 — p®|P can be
computed in O(mj) operations, hence an overall cost of O(mj) C O(mD) operations for
the computations related to P at iteration j.

Altogether, the iteration j uses O(mD + D?) operations in general, and O(mD) for a
Jordan matrix M. Summing over 1 < j < D leads to the announced cost bound. M

We note that the cost bound still holds when D is small compared to m, although the
output is an m X m matrix. The reason is that in this case, at least m — D columns of
the output basis P are coordinate vectors, which thus do not play a role in the cost of
the computation.

For a triangular matrix, this cost bound O(mD?* + D?) can be compared to the cost
O(mD“~* + D¥log(D)) of our algorithm based on fast K-linear algebra, presented in
Section 2.2 and Chapter 4. The latter supports an arbitrary multiplication matrix, and
is more efficient as soon as one uses sub-cubic matrix multiplication, that is, w < 3.

However, the iterative algorithm above manages to use the sparsity of the multiplica-
tion matrix, as long as it is triangular, obtaining for example the cost bound O(mD?) in
the case of a Jordan matrix. When D > m, our general algorithm works in O(D*“ log(D)),
which is slower than O(mD?). Furthermore, this iteration can be turned into an efficient
divide-and-conquer approach, as we develop in Chapter 14.

We note that, both in the iterative algorithm above and in our general algorithm of
Chapter 4, computing P in s-Popov form is an important ingredient to obtain an efficient
algorithm since it gives us control over the column degrees of the output basis. For a
nilpotent Jordan multiplication matrix, we will see in Example 7.5 that if one runs the
iterative algorithm above without normalizing the bases at each iteration, then the sum
of the column degrees of the output may be in ©(mD). Thus, the size of the manipulated
bases may be in ©(m?D), and over the D iterations this situation leads to a cost bound
of O(m*D?) operations.
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7

Computing shifted Popov approximant
bases

In this chapter, we give fast algorithms to efficiently solve the general case of Problem 7,
with arbitrary orders D = (Dy,...,D,) and an arbitrary shift s. Furthermore, we put
emphasis on computing the unique approximant basis in s-Popov form.

A first solution to this problem is given by the quadratic iterative algorithms of
[VBB91, BL94|. This approach was extended to solve Problem 8 in [VBB92| and then to
solve Problem 4 with a triangular multiplication matrix in [BLO00|, the algorithm in the
latter reference returning the shifted Popov basis. We presented this iterative solution in
Section 6.4, with the following result (Proposition 6.5): there is an algorithm which solves
Problem 7 in O(mD?) operations in K and returns the basis in shifted Popov form, where
D =D+ -+ D,.

As soon as D is large compared to m, this is faster than the general O(D%log(D))
algorithm of Part II. Computing the basis in shifted Popov form is at the core of the
efficiency of this approach, by allowing us to control the degree growth in the bases that
are manipulated in the process. The iterative algorithms in [VBB92, BL94| do not resort
to normalized bases, and as a result their worst case cost bound is O(m?D?); we show
such a worst case in Example 7.5 where the manipulated bases have size O(m?D).

Further improvements are obtained by incorporating fast K-linear algebra techniques
and fast polynomial matrix multiplication into this iterative solution. Most previous
results along this line focus on the case where all equations are modulo the same power
of the variable, that is, Problem 7 with D; = --- = D,, = D/n; for a global overview of
previous algorithms for approximant basis computation, we refer the reader to Section 2.3.
We first study this situation in Section 7.1, presenting the algorithms of [BL94, GJV03|
which are very efficient when m € O(n). Then, for arbitrary orders Dy, ..., D,, we show
in Section 7.2 how these algorithms can be used to efficiently reduce the case m € O(n)
to the case n € O(m).

In the latter situation, when n is small compared to m, a major difficulty is to control
the degrees in the computed bases: they may be too large if the shift has a large amplitude,
and they may be unbalanced for any shift. Assuming that the shift is close to uniform and
that D, = --- = D,,, a fast solution was designed in [Sto06, ZL12] (see Proposition 2.16),
controlling the unbalanced degrees by resorting to partial linearization techniques.
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In Section 7.3, we use such techniques to give an efficient solution to the general case
of Problem 7 when we have a priori information on the shifted minimal degree of the
module of approximants. This chapter culminates with Section 7.4 where we design a
divide-and-conquer algorithm to find this minimal degree, yielding a fast algorithm for
Problem 7 for arbitrary shifts, arbitrary orders, and returning the shifted Popov basis.

7.1 Fast algorithms for almost uniform orders [GJV03]

In this section, we focus on the case D; = --- = D,, = D/n; for simplicity we denote this
order by d and we write approzimant basis of Syz,(F) to refer to an approximant basis of
Syzp(F) with D = (d,...,d) € Z2,. Of course, a fast algorithm for such identical orders
can also be applied to efficiently solve situations with almost uniform orders, for example
if all of Dy, ..., D,, are within a factor 2 of (Dy + -+ D,,)/n.

We remark that, working with the orders (d, ..., d), we will only compute bases that
have degree at most d. Thus, one can hope for a cost bound which is quasi-linear in d.
This was first achieved by [BL94, Algorithm SPHPS| which uses O(m“M(nd)log(nd))
field operations, and starts by transforming an instance of Problem 7 with n equations
at order d to an instance with a single equation at order nd. For n > 1 equations, this
algorithm was then improved in [GJV03, PM-Basis| by avoiding this transformation and
incorporating fast K-linear algebra to efficiently solve the case of n equations at order 1,
which is the base case of the recursion. We now describe in details the approximant basis
algorithms of [GJV03], which rely on the following particular case of Theorem 1.28.

Lemma 7.1. Let d € Z~q, let F € K[X|™*" with deg(F) < d, and let s € Z™. For some
integers dV) € {0,...,d — 1} and d? = d — dY, let PY € K[X]™ ™ be an approzimant
basis of Syzgn (F mod X4), let G = (X" POF) mod X, and let P@ e K[X]m™*m
be an approvimant basis of Syzye (G). Then, PAPW is an approzimant basis of Syz,(F).
Furthermore, defining t = rdeg,(PM), if PY and P are s- and t-reduced then PAPW
is s-reduced; and if P and P® are in s- and t-ordered weak Popov form, then PGP
1$ in s-ordered weak Popov form.

Note that in this result and hereafter, we use the convention that any vector is an
approximant of Syz,(F); or in other words, a matrix in K[X]™*™ is an approximant basis
of Syz,(F) if and only if it is unimodular.

First, we present the algorithm [GJV03, MBasis|. It uses the above result iteratively
with d) =1 and d® = d — 1, that is, increasing the order d by one at each iteration.

The improvement over the quadratic iterative Algorithm 8 is obtained by incorporat-
ing fast K-linear algebra at the base case, which amounts to computing an s-minimal
approximant basis for a constant matrix F € K™*" at order d = 1. We detail this in
Algorithm 9 below, which is a modified version of [GL14, Algorithm 1] or of the base case
of [GJV03, Algorithm M-Basis| to ensure that the output is in s-Popov form.

We remark that this instance at order 1 can be interpreted as the computation of a
relation basis as in Problem 4, with as input the zero multiplication matrix M = 0 € K™"*",
the matrix F € K™*" and the shift s. In particular, since the output is of degree 1 and
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7.1. Fast algorithms for almost uniform orders [GJV03]

thus close to a constant matrix, this can be solved efficiently by linearizing the problem
over K as in Part II. With this point of view, Algorithm 9 can be seen as a simplified
version of Algorithm 3, by exploiting the fact that M = 0.

To give an idea of this simplification, we remark that in this case the degree bound for
linearization can be taken as § = 1; thus, the striped Krylov matrix of Definition 4.4 is
essentially a row permutation of F to reflect the priority of the rows induced by the shift
(see Section 4.1). Thus, to find the s-Popov approximant basis, the main computational
task is to find the row and column rank profiles of this permuted F, which uses O(p*~*mn)
operations with p the rank of F [Sto00, Section 2.2].

Algorithm 9 — LINApPpPBAS
(Approximant basis with identical orders: base case [GJIV03])

Input:

e scalar matrix F € K™*",
e shift s € Z™.

Output: the s-Popov approximant basis of Syz, (F).

1. s « m x m permutation matrix such that [(s1,1) -+ (8, m)]7s is
lexicographically increasing

2. (i1,...,%p), (J1,---,Jp) < row and column rank profiles of msF

3. (ki,... . km—p) < {1,...,m} —{i1,...,4,} sorted increasingly

4. F; < submatrix of 7F with indices in {i1,...,75,} x {j1,...,J,}

5. Fy < submatrix of 7sF with indices in {k1,..., kn—p} X {j1,.--,Jp}

6. m < permutation such that [iy --- i, ky -+ kp_pJm=[1 -+ m]

X1 0
11 P
7. Return 7' [_F2F1_1 Im—p:| TTs

Proposition 7.2. Algorithm 9 is correct and uses O(p*~?mn) operations in K, where p
1s the rank of F'.

Proof. Step 1 corresponds to ordering the rows of F to follow the pivoting strategy given
by s, as we did in the more general construction of the multi-Krylov matrix in Section 4.1.

In this proof, we use the notation

) ) X1, 0
o B R p
s=sms, F=mF, and P=m [_]-:‘2]-:‘11 Imp] "

and we show that P is in §Popov form, that all its rows are approximants of Syzl(f‘),
and that they generate the module of such approximants.
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We obviously have that [XT, 0] 7 F = 0 mod X. Now, by definition of 7 we have

31
1 . F
T = ]Z{Z , and therefore 7F = {F;] )
m .
[ Km—p]

This gives [-FoF;' L, 7F =0, and thus all rows of P are approximants of Syz, (F).

Besides, by definition of the row rank profile, the rightmost nonzero entry in the row
i of [-FoF;' I, ] 7 is the 1 at index k;; in other words, this matrix is a basis of the left
nullspace of F which is in a type of lower reduced echelon form. This implies that P is
lower triangular. Besides, § is non-decreasing, the entries on the diagonal of P are all 1
or X, and its non-diagonal entries are of degree less than the diagonal entry in the same
column: P is in §-Popov form.

The rows of n 'Pry are approximants of Syz,(F). Furthermore, since mg performs a
stable sort of s, we have that 7 1Pr, is in s-Popov form. It remains to prove that this
matrix generates the set of approximants of Syz, (F'). This follows from Lemma 1.8, since
the degree of its determinant is deg(det(P)) = p, which is also equal to the sum of the
s-minimal degree of Syz, (F') according to Corollary 4.11. »

Using this base case in an iterative fashion results in Algorithm 10, which is [GJV03,
Algorithm M-Basis|.

A cost bound for this algorithm is given below and roughly follows from the fact that
an approximant basis at order d is an m x m matrix of degree at most d. Note that there
is an additional term compared to the cost reported in [GJV03, Lemma 2.2| because this
reference makes the assumption n < m, which we do not make here.

Proposition 7.3. Algorithm 10 solves Problem 7 with d = Dy = --- = D, = D/n using
O(m“~Y(m + n)d?) operations in K and returns a basis in s-ordered weak Popov form.

Proof. From Lemma 7.1 and Proposition 7.2, we have the following invariant: at the end
of iteration j, P is an s-ordered weak Popov approximant basis of Syz;(F), and we have
G = (X 7PF) mod X%/ and t = rdeg,(P). Hence the correctness.

According to Proposition 7.2, Step 3.a uses O(m“~!n) operations in K. At Step 3.b,
the product PYP involves two m x m matrices of degrees at most 1 and d— 1, respectively,
and hence can be computed in O(m®d) operations. At Step 3.c, one computes PUG,
with PU) a m x m matrix of degree at most 1 and G a m x n matrix of degree at most
d — j + 1; this is done in O(m*~!(m + n)d) operations. The announced cost follows. 3

Comparing this to the cost O(m(nd)?) from Proposition 6.5 concerning the iterative
Algorithm 8, we conclude that Algorithm 10 is faster in some cases, including in particular
when m € O(n). This can be explained as follows: Algorithm 10 takes advantage of fast
K-linear algebra by working on m X n constant matrices at the base case but it ignores
possibly unbalanced degrees in the output, while Algorithm 8 takes the average column
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Algorithm 10 — ITERAPPBAS
(Iterative approximant basis with identical orders [GJV03])
Input:

e positive integer d € Z-,

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

o shift s € Z™.

Output: an s-ordered weak Popov approximant basis of Syz,(F).

1. P+~1, // s-Popov basis of Syz,(F)
2. G < copy(F); t < copy(s)
3. For j from 1 to d:

a. PU) « LINAPPBAS(G mod X,t) // t-Popov basis of Syz,(G)
b. P+ PUP // s-ordered weak Popov basis of Syz;(F)
c. G+ (X'PYG) mod X¥7; t < rdeg,(PY)) = rdeg,(P)

4. Return P

degree of the output into account but uses only naive linear algebra. It turns out that
the case m € O(n) is particularly in favor of Algorithm 10 since it both minimizes the
output degree unbalancedness and maximizes the efficiency of fast linear algebra.

Now, we study [GJV03, PM-Basis|, which uses a divide-and-conquer approach, relying
on Lemma 7.1 with d) = d®® = d/2. This allows us to incorporate fast polynomial
multiplication: instead of multiplying two matrices of respective degrees 1 and d — 1, we
will multiply two matrices of degree about d/2.

Proposition 7.4. Algorithm 11 solves Problem 7 with d = Dy = --- = D,, = D/n using
n " n
O((”E) MM (m,d)) c o((1+5> MM(m,d)log(d)>

C O(m* (m +n)M(d) log(d))

operations in K and returns a basis in s-ordered weak Popov form.

Proof. First, the basis computed at Step 1 is in shifted Popov form according to Propo-
sition 7.2. Then, the facts that Algorithm 11 is correct and that it returns a basis in
s-ordered weak Popov form both follow from Lemma 7.1.

For the cost analysis, we assume that d is a power of 2. As explained above, the base
case of the recursion at Step 1 uses O(m*“~'n) operations, which is in O(ZMM(m, 1)).
Then, we have two recursive calls at Steps 2.b and 2.d, with the same dimension m and
at order d/2.

The residual G at Step 2.c is obtained from the product PWF, where P is an m xm
matrix of degree at most d/2, and F is an m X n matrix of degree at most d. This product
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Algorithm 11 — DACAPPBAS
(Divide-and-conquer app. basis with identical orders [GJV03])
[nput:

e positive integer d € Z-~,

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

o shift s € Z™.

Output: an s-ordered weak Popov approximant basis P for Syz,(F).

1. If d =1 then return LINAPPBAS(F,s)
2. Else:
a. d « [d/2], d? « d —dV
b. PO+ DACAPPBAS(dY,F mod X% s)
G « (X" POF) mod X?; t + rdeg (PV)
. P@ < DACAPPBAS(d?, G,t)
e. Return PAPM)

2 oo

is done in O(MM(m, d)) operations if n < m, and in O(MM(m,d)) operations if m < n.
The multiplication at Step 2.e involves two m X m matrices of degree at most d/2, and
hence is done in O(MM(m,d)) operations in K. Using Eq. (6.3), the announced bound
follows. »

From Lemma 2.10, the degree of the determinant of an approximant basis of Syz,(F) is
at most D = nd, and the discussion in Section 1.2.2 indicates that we can set O™ (m*~'nd)
as a target cost. This target is achieved by Algorithm 11 when m € O(n). However, the
situation is less satisfactory when n is negligible compared to m, and in particular for
n = 1. Indeed, in the latter case, Algorithm 11 costs O7(m“d) operations while there is
hope to achieve O"(m“~d).

In the next sections, we will design algorithms that will eventually allow us to reach
this target cost bound O°(m“~!'D) in Section 7.4 for Problem 7 in its full generality.
Previously, similarly fast algorithms had only been provided for identical orders and for
shifts that are close to uniform [Sto06, Z1.12|, as summarized in Proposition 2.16.

The main difficulty that arises when dealing with small n and arbitrary shifts is that,
although we have control over the degree of the determinant of an approximant basis,
we lose control over the actual degrees of its entries which are not anymore uniformly
distributed even for bases in shifted ordered weak Popov form. We now highlight this
through an example where the size of the approximant basis computed by Algorithm 10
is beyond our target cost. We also illustrate the fact, explained in Section 1.2.2, that
considering the more specific shifted Popov basis gives us control over the average column
degree; this will thus be a central idea in our algorithms.

FExample 7.5. We focus on a Hermite-Padé approximation problem, that is, n = 1. We
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7.1. Fast algorithms for almost uniform orders [GJV03]

consider a specific input F of dimension 2m x 1 described below, an order D € Z-q with
D > m, and the shift s = (0,...,0,D,..., D) € Z2¢ with m entries 0 and m entries D.

Let f be a polynomial in X with nonzero constant coefficient, and let fi,..., f,, be
generic polynomials in X of degree less than D. Then, we consider the following vector
with all entries truncated modulo XP?:

) ; _
J+X7f
X(f+XFf)

Xm”(ﬂXf)
1

i fm i
After m loop iterations, Algorithm 10 has computed an s-ordered weak Popov basis

P (™ of approximant of Syz,, (F), which is such that t = rdeg (P™)) = (1,...,1,D,..., D)
and

P™F = | X"f | mod XP

for some polynomials g1, ..., gm.

Now, continuing the loop until reaching order D, since the coefficient of degree m of
X"™f is nonzero and because of the specific shift t, the obtained approximant basis P of
Syzp(F) has degree profile

[
O N
P=([0+1] -+ [04+1] [0+41] ,
o o) (o]
| o ) ul

where § = D — m, [i] denotes an entry of degree i, the entries left blank correspond to
the zero polynomial, and the entries [0 + 1] are on the row m of P. In particular, P
has size ©(m?D). Note that P is in s-ordered weak Popov form; however, the s-Popov
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approximant basis of Syz,(F) has degrees

11} (0] ]
o < [ [
(0] 0] [o+1] ;
(0] o1 o] [0]
0] - 0 [ ol
in particular, this basis has average column degree D/m and size in O(mD). #

7.2 Arbitrary orders: reduction to the case n € O(m)

Here, as a first building block of our fast algorithm, we deal with the case of n > m
equations with arbitrary orders, relying on the above divide-and-conquer Algorithm 11.
More precisely, we give an efficient reduction, which partly solves the approximation
equations and leaves us with an approximant basis problem with less than m equations.

Let us consider an input for Problem 7: we have positive integers D = (Dy, ..., D,,),
a matrix F € K[X]|"™" with cdeg(F) < D componentwise, and a shift s € Z™. We let
D =|D|=D;+---+ D, and we assume that n > m.

First, for ease of presentation, we reduce to the case where all orders are powers of
two. This can be done by considering for each j the power of two immediately larger than
D;, giving us new orders D = (Dy,...,D,) defined as D; = 2Moa@)l for 1 < j < n.
Denoting by D — D the componentwise difference, the matrix F = FXP-D has column
degree bounded by D componentwise, and it is easily verified that the set of approximant
of Syzp(F) is equal to the set of approximant of Syzﬁ(f‘). In this process, the sum of
orders does not incur more than a twofold increase: D = |D| < 2D, which is an important
fact with regard to complexity bounds.

Besides, up to reordering the equations, we assume that D; > --- > D,, without loss
of generality. Then denoting by ¢ the integer such that D,, = 2¢, we define

v; = Card({j € {1,...,n} | [)j =2'})

for 0 <@ < /¢, as well as v,y =n — vy —--- — 1. This means that
(Dy,....,Dy)=(>25 ..., >2¢ 25 2f 2=t 9%t o 1..1). (7.1)
—_—— — —— ——
Voy1 vy Ve—1 Yo

We also define p; = vy + v+ -+ -+ v, = max{j | Dj = 2/} for all 0 < i < ¢, which is the
number of equations whose associated order is at least 2°.

Let us sketch our algorithm, based on this decomposition of D. It will first compute
a basis P for all 1o = n equations at order 2° = 1. After this step, we are left with
the residual equations G = X 'POF and the associated orders D; — 1,..., D, — 1; the
last vy orders are zero. Thus, we continue by computing an approximant basis P(1) for
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these 11 = n — 14 equations at order 2! — 2 = 1, giving an approximant basis P(VP(©)
for F at order 2! = 2. Then we compute an approximant basis P at order 22 — 2! = 2
for the 115 residual equations given by G = X ?PWPOF, giving the approximant basis
PAPOPO for F at order 22 = 4. Continuing this process iteratively until reaching the
order 2¢, we are finally left with vy, = 41 equations, with e < m.

This procedure is formalized in Algorithm 12, with a cost bound and correctness given
in the next proposition. Besides, we remark that in this context with n > m, we have
D=Di 4+ -+ D, >m as well.

Algorithm 12 — REDUCENBEQAPPBAS

(Approzimant basis: reduction to n € O(m))

Input:
e positive integers D = (Dy,...,D,) € Z%, with Dy > --- > D,,,
e matrix F € K[X|™*" with cdeg(F) < D componentwise and n > m,
e shift s € Z™.

Output:

e P an s-ordered weak Popov approximant basis at order D—(D, 0, ..., 0)
for F,

e D=(D,-D,,...,D, - D,) € Z%,, where v = max{j | D; > D,,},
e = X~Pn[(PF,;) mod XP|---|(PF,,) mod XP] € K[X]™*,

o §=rdeg,(P) € Z™.

D < 2M82P1 for m < j < n

Dj < Dj+ D, — D, for 1<j<m
(¢ + logy(D,,)
m<—max{j|l~)j>2i}for1<i<€
v+ max{j | D; > 2‘}

F + FXPP where D = (D, ...,D,)
P + LINAPPBAS(F mod X s)

For ¢ from 1 to ¢:

e R A T o

a. G« (X¥ 'P[F,,| - |F.,]) mod X*"
b. P® < DACAPPBAS(G, 2!, rdeg,(P))
c. P+ POP
9. D« (D) — Dp,...,D, — Dy,); 8+« rdeg (P)
10. F « X Pn[(PF,;) mod XP|...|(PF,,) mod XP"]
11. Return (P,]f),]?‘,é)
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Proposition 7.6. Algorithm 12 is correct and uses
O(MM(m, D/m)log(D/m)) € O(m*M(D/m)log(D/m))

operations in K, where D = Dy + -+ - + Dm; Furthermore, the output (P, ]5, f‘, §) is such
that ¥ has m rows and v < m columns, |D| < D, 8 = rdeg(P), deg(P) < 2D/m, and
for any approximant basis Q of Syzp (F), then QP is an approzimant basis of Syzp(F).

Proof. Steps 1 to 6 compute the parameters described above as well as the matrix F.

Step 7 computes an s-Popov approximant basis P at order (1,...,1) € ZZ, for F. Then,
thanks to Theorem 1.28 we have the following loop invariant: at the end of iteration i, P
is an s-ordered weak Popov approximant basis at order (27, ..., 2° Du i1,...D ) for F.

Thus, when arriving at Step 9 the matrix P is an s- ordered Weak Popov approxnnant
basis at order (2¢,...,2° DMH, ....D, ) for F since iy, > m, the latter tuple can also be
written

(Dun, .- Dy, Dinia, ..., Dp) =D — (D,0,...,0)

where the difference is taken componentwise. By choice of F = FXB*D, we obtain that
P is an approximant basis at order

D — (D,0,...,0) = (D, ..., Dy, D1, ..., Dy)

for F. In particular, the fact that QP is an approximant basis of Syzp(F) follows from
Theorem 1.28.

Now, let us prove the cost bound. As detailed in Section 7.1, Step 7 uses O(m“~'n)
operations since n > m. Thanks to the super-linearity property Hmmc.,.) of Eq. (6.2), this
is in O(2MM(m, 1)) € O(MM(m,n/m)) , and thus fits into the announced bound since
n < D. The resulting approximant basis P has degree at most 1.

The computation at Step 8.a can be done by first computing P[F, |- - -|F, ] mod

. Since F is a m x p; matrix with p; > m, this product is done in O(“MM(m,2"))
operations Then, according to Proposition 7.4, Step 8.b uses O(LMM(m, 2~ ")log(2'71))
operations. Furthermore, the output P(® has degree at most 2¢~ 1, and thus at Step 9.c
we multiply two m X m matrices of degree at most 2°~1; this is done in O(MM(m,2%))
operations. Altogether, the loop at Step 8 uses

O(i %MM(m, Zil)log(Qi)> - ( ( iz ) log 2£)>

S O(MM(m, D/m) log(D/m))

field operations. The first inclusion relies on the super-linearity property Hmwm(.,.) stated
in Eq. (6.2), while the second inclusion follows from the following remarks. On the one
hand, since D > D1 +---+ D, and Dy > --- > D, > Z~)m/2 =271 we have 2° < 2D/m
and thus log(2¢) € O(log(D/m)). On the other hand, as shown in Eq. (7.1), we have by
construction

2D > |D|=Dy+---+D, + 12" + - + 112" +152°
> (28 =27 o (22 = 28 4 (20 — 2%) + 2,
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and thus in particular St 1,271 € O(D).

The matrix F at Step 11 can be directly obtained from the product P[F, |- --|F..,].
Since P has degree at most 2D /m, and since these v < m columns have degree less
than Dy, ..., D, respectively, with Dy +--- 4+ D, < D, this product can be computed in
O(MM(m, D/m)) operations in K according to Lemma 6.3. »

7.3 Fast approximant bases in Popov form with known
minimal degree

We now study the situation where we know a priori the shifted minimal degree of the
considered module of approximants, or in other words, the diagonal degrees of the shifted
Popov approximant basis. This additional information allows us to design a fast algorithm
for the general case Problem 7, that is, with cost bound O™ (m“~!' D) for any dimensions m
and n, for arbitrary orders Dy, ..., D,, and arbitrary shift s. Furthermore, our algorithm
returns the s-Popov approximant basis.

From Section 7.2, we know that the main remaining difficulty is to deal with F having
fewer columns than rows. As noted in Section 7.1, this may result in unbalanced degrees
in the computed bases. Such non-uniform degrees are commonly handled by resorting to
partial linearization techniques; in this context, knowing the shifted minimal degree will
help us to make these techniques particularly efficient.

We will use two types of partial linearization, adapted from those of [Sto06]. The first
one was presented in Section 6.2 and ensures that the shift is almost uniform and that the
output matrix has low degrees. Here we detail the second one, which takes advantage of
the results of the first one to further transform the instance so as to ensure that the orders
Dy, ..., D, are all of the same magnitude and that the dimensions m and n are roughly
the same. Then, this obtained approximant basis problem can be solved efficiently with
the divide-and-conquer algorithm designed for identical orders, namely Algorithm 11.

To give an overview of the main idea behind this reduction, let us consider the case
of one column. The input is D € Zso, F € K[X]™*! with deg(F) < D, s € Z™, and
the s-minimal degree § € ZZ, of Syz,(F). For our construction, we choose any integer
d > max(d). Note that in general we may have max(d) as large as D, in which case the
partial linearization below is useless; however, the underlying idea is that one will first
apply the partial linearization of Section 6.2, which reduces to the case max(d) < [D/m].
Thus, one may read the next paragraphs bearing in mind that the integer we have chosen
is such that § ~ D/m.

Then, a type of column partial linearization of F is defined in [Sto06] as follows. Writ-
ing D = ad+ [ with a = [% — ﬂ and 1 < 3 < 8, we consider the X%-adic representation

F=FO 1 FOX ... L FWX with deg(FY) < § for j < a and deg(F®) < 3,

175



Chapter 7. Computing shifted Popov approximant bases

and the expanded matrix

FO L FpOxs pO) L@ xs ... FEla-l) L pla)xs
" 0 1 e 0
'CD,(S(F) = . : . .
0 0 1

The main point is that approximants of Syzp (F) are related to approximants at order
(26,...,20,0 + ) for ,C%'[” s(F). This construction thus gives us a new approximant basis
problem with more equations and smaller orders: if § &~ D/m, we have a & m equations
with associated orders 20 ~ 2D/m. Furthermore, Proposition 7.4 shows that such an
instance of Problem 7 can be solved efficiently, in O (m“~!D) field operations.

We sketch the link between the approximants as follows. Let p € K[X]"*™ be such
that deg(p) < 0 and p is an approximant of Syz,(F). Then, by construction [p q] is an
approximant at order (29, ...,20,04 ) for LY 5(F), where q = [g1, . . ., ga—1] € K[X]'**!
is defined by ¢; = X °p(F© + ... + FU=DXU=D%) or in other words, ¢; is formed by
the part of X °pFU~1 of nonnegative degree. We remark that deg(q) < deg(p).

In fact, we are also interested is the converse property, since we would like to obtain
an approximant basis of Syz,(F) from the computation of an approximant basis at order
(20,...,20,0 + ) for E?%(F). As seen in the paragraph above, degree constraints on the
approximants play a role in the link between these two instances of Problem 7, and actually
only some specific shifts will allow us to recover an approximant basis of Syz,(F) from
an approximant basis for the transformed problem. This is where the a priori knowledge
of the shifted minimal degree of the sought approximant basis is brought into play: it
precisely tells us how to choose such a shift.

We now give the details of this partial linearization in general; it was introduced in
[Sto06, Section 2| and used previously in [GS11, ZL12|. In [Sto06, ZL12| one does not
assume the knowledge of the shifted minimal degree, yet this transformation still succeeds
thanks to assumptions on the shift which constrain the degrees in the approximant basis;
namely, these are the assumptions Hs; and Hso (see Section 1.2.2).

Definition 7.7. Let D € Z2,, F € K[X|™" with cdeg(F) < D andn < m, s € Z™,
and let 6 € ZZ, be the s-minimal degree of Syzp(F). Let further § € Z-o be such that
d > max(d), and for 1 < i < n, D; = a;0 + f; with a; = (%—ﬂ and 1 < ; < 0.
Writing the X°-adic representation

F.,=F% 4+ FX 4 PO X% with deg(FY)) < 8 for j < a; and deg(FY) < 3,

) *,1 e

we constder the expanded matrix

F.o= [FO+FOx0 PO+ FIx0 o B FYx0| e Kx)me

and the matriz & = [O Iai,l] € K[X|* 1> 4f a; > 1, and otherwise f‘*z =F,.; and
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& € K[X]%L. Then, we define the partial linearization of F as

F*,l F*,Z tee F*,n
&
Ean’a(F) _ &, c K{X](erﬁ)x(nJrﬁ)’

En

where the number of additional columns is n = max(a; — 1,0) + - - - + max(a, — 1,0). We
also expand D; as D; = (20,...,20,0 + B3;) € Z%, if oy > 1 and D; = D; otherwise, and
we define Lys(D) = (Dy, ..., D,) € Z1,.

This transformation only induces a moderate increase of the dimensions of the problem,
as long as 0 is not chosen too small. Indeed, we transform an m x n instance into an
(m+n) x (n+n) instance, where n < ay + -+ + a,, < D/6.

On the other hand, when § is known, we have seen in Section 6.2 how to ensure that
max(d) < [2D/m] via partial linearization techniques. Thus, in this situation, we can
choose § = [2D/m], and we have n < D/§ < m/2. While adding at most m/2 to the
dimensions m and n, this transformation allows us to consider small and almost uniform
orders since L3 ;(D) has all its entries between 0 and 26 € O(D/m).

As a consequence, Algorithm 11 efficiently computes an approximant basis for the
transformed instance (L355(D), L 5(F)). We now give a precise link between approxi-
mants for the latter instance, and approximants for the original instance (D, F).

Lemma 7.8. LetD € 72, F € K[X|™*" with cdeg(F) <D andn <m,s € Z™, § € 2%,
be the s-minimal degree for (D, F), and § > max(d). Let P be a (—8,—0,...,—09)-ordered
weak Popov approximant basis at order EaDlié(D) for Eﬁé(F). Then, the leading principal

submatriz R € K[X]m™*™ off’ is a —d-ordered weak Popov approximant basis of Syzp(F),
and Im_s(R) 'R is the s-Popov approzimant basis of Syzp(F).

Proof. We write d for the shift d = (=8, 6, ..., —d) € Z™*+",

Let p € K[X]"™ be an approximant of Syzp, (F) such that rdeg_s(p) = 0; remark that
all approximant of Syzp (F) have nonnegative —d-degree (see the paragraph after Defini-
tion 1.22). We are going to show that this induces an approximant [p q] € K[X]*(m+7)
at order LE 5(D) for L ;(F) with deg(q) < deg(p) and thus rdegy([p q]) = 0.

First, we consider ¢ € {1,...,n} such that o; € {0,1}. Then, F,;, =F,,;, D, = D;, and
& € K[X]™!. Defining q; as an empty vector in K[X]'*?, the identity pF,; = 0 mod X7
can be rewritten as [p qi] [1}”} = 0 mod XD Now, we consider ¢ such that o; > 1
and we define q; = [q14; - - - , Go,—1.4] € K[X]*(@~D by

gji = X Pp(FY) 4. 4 FUTD XG0y, (7.2)

In other words, since deg(p) < 0 and deg(Fi{?) < ¢ for all k, g;; is formed by the part
of X*‘sngi_l) of nonnegative degree, and in particular deg(q;) < deg(p). Then, we
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have p(F(O) +-- 4 F(Hl)X(j“) ) = 0mod XU*29 for j < a; — 1, hence by construction
;. X7 + p(F(J X95 + F(]H)X(J“) ) = 0mod XU+29 and it immediately follows that
Fffz) + Fi{jl)X‘s +¢;; = 0 mod X?. The same arguments for j = o; — 1 yield the identity
Flh Fif?)X‘s + ¢j; = 0 mod X°*#i. In short, we have

*,2

P aqij {Fg} = 0 mod (X%, ... X% X5 (7.3)

Thus, by construction of E%)’ s(F) and E?; s(D), this implies that [p q] is an approxi-
mant at order £ 5(D) for L 5(F), where = [q1 -+ qy] is such that deg(q) < deg(p).

More generally, let P € K[X]™*™ be a —d-ordered weak Popov approximant basis of
Syzp (F); then rdeg_s(P) = 0 by Lemma 1.26. According to the above discussion, there
is a matrix Q € K[X]™*("*+") gsuch that all rows of [P Q] are approximants at order
LB 5(D) for Ly 5(F), and rdeg(Q) < rdeg(P). Then, [P Q] is in d-ordered weak Popov
form with all d-pivots in P, since we have Imgq([P Q]) = [lm_s(P) 0] with Im_5(P)
lower triangular by assumption.

Now, let us show conversely that if [p q] € K[X]'*(™*") is an approximant at order
E'j‘;d(D) for E%%(F) with deg(q) < 0 and deg(p) < ¢, then p is an approximant of
Syzp(F). Let us write g = [q1 -+ qn] with q; € K[X]"*Y if o; € {0,1} and q; =
(@14, -+ Guy—14] € KX if a; > 1. Our goal is to prove that pF,; = 0 mod X7 for
all i € {1,...,n}; this is obvious for i such that «; € {0, 1}.

Let i € {1,...,n} be such that o;; > 1, and let us consider the identities given by

P ail [P;

7

} = 0mod (X%,..., X% X0tF),

The first column gives the relation p(F(O) —|—F(1)X %) = 0 mod X%, while the other columns
yield ( o ) 4+ F(]+1)X5) = —¢;; mod X% for 1 < j < o; — 2 and p(F (Of_l) + Ff?)X‘s) =

*

—(Qa;—1,; mod X 545 Using our assumption on deg(q) and deg(p), these identities for
j =0 and j =1 imply that the terms of degree less than 20 of p( 0) .+ F( )X5 + F(Q)X%)

are 0 = pFiZ —q, :X°. Therefore, we obtain both ¢ ; = X~ 5F and pF.; = 0 mod X3
This process can be continued with j = 2, up to j = a; — 1, to eventually obtain that
pF.; =0 mod X%i. (We remark that this also implies that q is given by p as in Eq. (7.2).)

To conclude the proof, let P € K[X]m+7)x(m+7) he a d-ordered weak Popov approxi-

mant basis at order L 5(D) for L 5(F). We write

~ R P12 . (22 X7
P =50 pen| vith REKX]™™ and PO € K[X]™T,

the other dimensions being defined implicitly.

First, since R contains the d-pivots of [R f)(12)] and d = (=98, —0,...,—3), by min-
imality of P we have that the —0-pivot degree of R is at most 6 componentwise. This
implies in particular that deg(R) < max(8) = 6 and deg(P(?)) < §. Then, from the dis-
cussion above applied to each of the first m rows of 157 we obtain that RF = 0 mod XP.
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As a consequence, by minimality of &, the —d-pivot degree of R is at least & componen-
twise, and hence is equal to 4. Thus, R is a —d-ordered weak Popov approximant basis
of Syzp(F). Then, according to Lemma 1.26, Im_s(R) 'R is the s-Popov approximant
basis of Syzp (F). »

Algorithm 13 — MINDEGAPPBAS
(Approximant basis with known minimal degree)
Input:
e positive integers D = (D, ..., D,,) € ZZ,,
e matrix F € K[X]™*" with cdeg(F) <D and D; +---+ D,, > m,
e shift s € Z™,
e the s-minimal degree 6 = (dy,...,0,,) € ZZ, of Syzp(F).

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

1. /* Reduce to almost uniform shift and output degrees */
0= [(Dy+ -+ Dp)/m],
a; < max(1,[0;/d]) for 1 < i < m,
M=oy 4+ oy
6 € 27, as in Eq. (6.4)
£ € K[X]™™ as in Eq. (6.5) and F < £F mod XP

2. /* Reduce to less equations than unknowns */

A ~ ~ = _N - > o~
(RO, D, F, -§) REDUCENBEQAPPBAS(D, F, —9) !f n > im
(Iﬁ’L’DvFv_(s) |'F7l <m

v < the number of columns of F € K[X]ﬁ”” /] V<

3. /* Reduce to almost uniform orders */

£aﬁb6(]5) € ZTJD and Eaﬁbd(]?‘) € K[X](ﬁ”mx(”;) as in Definition 7.7
d+« (—=8,—-6,...,—0)

4. /* Compute approximant basis */

d + max(D); A<« (d,...,d) — L2 (D)
P « DACAPPBAS(d, L2 (F)X2 , d)

R® « leading principal m x m submatrix of P
R <+ R@RWM // —6é-ordered weak Popov of Syzp(F)

5. Return the submatrix of Im_z(R)™'RE formed by its rows at indices
o+ toforl<i<m

Proposition 7.9. Algorithm 13 is correct and uses
O(MM(m, D/m)log(D/m)) € O(m*M(D/m)log(D/m))

operations in K, where D = Dy + --- 4+ D,, and we assume that D > m.
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Proof. We claim that Steps 2 to 4 correctly compute a —4§-minimal approximant basis
R of Syzp(F). Then, from Lemma 6.2, we know that the s-Popov approximant basis of
Syzp (F) is the submatrix of Im_3(R)™'RE formed by its rows at indices oy + - - - + o for
1 <7 < m, hence the correctness of the algorithm.

To prove our claim, it is enough to show that R® is an —&-minimal approximant
basis of Syzp(F). Indeed, according to Proposition 7.6, this implies that R = RO®RWM
is an approximant basis of Syzp (F); furthermore, since —§ = rdeg_s(R™W) and RW is

—g—redueed, this basis R is —d-reduced according to the second item of Theorem 1.28.

Then, the fact that R® is an —d-minimal approximant basis of Syzp (F) follows
from Lemma 7.8, and from the facts that  is the —d-minimal degree of SyzD(f‘) and
6=[D/m] > max(8). Indeed, from Lemma 6.2 we know that the —d-minimal degree of
Syzp (F) is 8; and if we denote by 8 and 6 the —é- and —é-pivot degrees of R®) and
R®. we have § = 61 + §® accorging to the fourth item of Theorem 1.28. On the other
hand —6 =rdeg_z(RM) = 61 4§ yields § = § -+ and thus §® = §. In addition, this
implies that 6 < & and therefore max(8) < max(8), the latter being at most § = [D/m]
by construction (see Eq. (6.4)).

Remark also that at Step 4, Algorithm 11 returns a basis in shifted ordered weak
Popov form according to Proposition 7.4; besides, this algorithm only accepts identical

orders, hence the use of d = max(ﬁ) and the corresponding scaling of E%’ 5(F) by powers
of X. 7

Concerning the cost bound, Steps 1 and 3 do not involve field operations. Proposi-
tion 7.6 indicates that Step 2 uses O(MM(m, D /m)log(D/m)) operations, which is within
the announced bound since m < m < 2m according to Lemma 6.2.

A

The expanded matrix Eab s(F) has m + v rows and v + v < m + v columns, with

v < |D|/s. From Prop051t10n 7.6, we have |D| < D, hence ¥ v < D/[D/m] <m. Asa
consequence, m + v < 3m. Furthermore, the orders in E;";’ 6( ) are all between ¢ and 260

by definition, hence d < 2[D/m] is in ©(D/m). (Note that we are allowed to discard
the ceiling because we have assumed D > m). Then, according to Proposition 7.4, the

computation of P at Step 4 is within the announced bound.

Now, by Proposition 7.6 the degree of RW is at most 2D/m < 2D/m. Besides,
R® has —é- pivot degree d as mentioned above, and thus the column degree of R® is
precisely &; this implies that deg(R®) < max(8) < § < 1+ D/m. Thus the computation
of R = ROR( at Step 4 can be done in O(MM(m, D/m)) operations.

Finally, the computation of Im_z(R)~" at Step 5 uses O(m*) operations. Further-

more, since cdeg(R) = & and |8| = |6] < D by Lemma 2.10, we can partially linearize
the columns of R to obtain a matrix of row dimension m, column dimension in O(m),
and degree in O(D/m); then we left-multiply this expanded matrix by Im_z(R)™! and
compress back the columns. Having m € ©(m), and since right-multiplying by £ does
not involve field operations, Step 5 is done in O(MM(m, D/m)) field operations. »
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7.4. Fast approximant bases in Popov form for arbitrary shifts

7.4 Fast approximant bases in Popov form for arbitrary
shifts

Here, we give a fast algorithm for solving the general case of Problem 7: it supports
arbitrary dimensions m and n, orders D € ZZ,, and shift s € Z™, and it returns the
shifted Popov approximant basis. Our approach is to rely on the algorithm of the previous
section, thanks to a recursive procedure to find the shifted minimal degree of the module
of approximants. This allows us to achieve our target cost O"(m“~'D) with D being the

sum of the orders in D.

Proposition 7.10. Algorithm 14 is correct and uses

O(MM(m, D/m)log(D/m)* + m*“ ' Dlog(m))
C O(m“M(D/m)log(D/m)* +m*“ ' Dlog(m)).

operations in K, where D = Dy + ---+ D,,.

Proof. Concerning the base case of the recursion at Step 1, Theorem 2.12 shows that it
correctly computes the s-Popov approximant basis of Syzp, (F) using O(m® log(m)) field
operations (for the choice of E and Z, see Section 2.3). When D > m, this base case is
done less than 2D /m times in the overall computation, thus leading to a contribution of
O(m“~'Dlog(m)) in the cost bound.

Let us now study Step 3, where D > m and n < m. The instance (D,F) is first
split into two instances (DM, FM) and (D@, F®) such that DM = |DW| = | D/2] and
D? = |D®| = D —|DW| = [D/2]. We have cdeg(F) < DM and cdeg(F®) < D®.
Furthermore, since n < m, the column dimension is less than the row dimension for both
FM and F® so that the recursive calls at Steps 3.e and 3.h will never lead to performing
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.g, the residual G can be computed in O(MM(m, D/m)) field operations, by
a minor variation of Lemma 6.4. Let us recall that, according to Lemma 2.10, the sum
of the column degrees of P is at most D) = | D/2|. On the other hand, the sum of
the entries of D@ is D® = [D/2]. Our claimed cost for computing G, slightly different
from that in Lemma 2.10, then follows by the remark that in the proof of this lemma all
operations that are polynomial divisions with remainder are done for free here since the
moduli are powers of X.

Let us denote by t € Z™ the shift t = rdeg,(PM)) = s + V). Assuming that the
two recursive calls correctly compute the s- and t-Popov approximant bases P and P®?)
of Syzpa (FW) and Syzpe (F®)), then the s-minimal degree of Syzp(F) is 6 + §®
according to the item (iv) of Theorem 1.28. Then, by Proposition 7.9, Step 3.j computes
the sought approximant basis in O(MM(m, D/m)log(D/m)) field operations.

Since the two recursive calls at Steps 3.e and 3.h are with the same dimension m
and half the total order D/2, the announced cost bound follows using the super-linearity
property Hmm.,.,) of Eq. (6.2).

Finally, Step 2 deals with the case n > m. According to the above discussion, this
if statement can only be entered once at the initial call to the algorithm; after that, we
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Algorithm 14 — FASTPOPOVAPPBAS

(Shifted Popov approzimant basis)

[nput:
e positive integers D = (D, ..., D,) € Z2,
e matrix F € K[X|™" with cdeg(F) < D,
e shift s € Z™.

Output: the s-Popov approximant basis of Syzp (F).
1. f D=D;+---+ D, <m then:

a. For i from 1 to n:
(i) write F,; = £ 4 fi(l)X 44 fi(Dz'*l)XDiq

c. Return LINPOPOVRELBAS(E, Z, s, max(D))

a. (PM,D,F,8) « REDUCENBEQAPPBAS(D, F,s)
b. P® « FasTPorovAPPBas(D, F, §)

[oFENe)

. Return MINDEGAPPBAS(D, F, s, 6 4 §?)

T o

. W =F,,;, mod X4 @ = X~4F,,; — D)

Qo

P « FastPorovAPPBas(DW, FW s)

. 6 « diagonal degrees of P()

. G + POF® mod XP”

. P® < FastPorovAprPBAs(D? G,s + W)
. 6 « diagonal degrees of P(®

j. Return MINDEGAPPBAS(D, F,s, 6 + 6®)

P R - 0

o

// Base case

(i) E; ¢ [fi@) £ .. O] ¢ gD
01
(iii) Z; « . € KDixDi
0
b. E « [El En} e KmxD; 7 + diag(Z., ..., Z,) c KPxD

2. Else if n > m: // Entered at most once at initial call

. 61 « diagonal degrees of P(M:; §®) <« diagonal degrees of P(?

3. Else: // Divide and conquer

. 1<ip<nand1<d< D, suchthat Di+---+D;,_1+d = |D/2]

. DW  (Dy,..., Dy 1,d); FO < [Foy|- |Fujo1|fY]
. D® « (D, —d, Digi1,---,Dp); FO < [fO|F, ;1] |F.,]
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7.4. Fast approximant bases in Popov form for arbitrary shifts

always have n < m in the recursive calls induced by Step 2.b. If it is the case that n > m
at the initial call, this step relies on Algorithm 12 to reduce the number of equations and
then deal with the remaining equations recursively. The correctness and cost bound then
follow from Proposition 7.6 and the same arguments as those used above concerning the
correctness and cost bound of Step 3. M
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8

Computing shifted Popov solution
bases

In this chapter, we give a fast algorithm to compute solution bases as in Problem 9.
Under the assumption that the number of equations is not much larger than the number
of unknowns, our algorithm computes the shifted Popov basis for arbitrary shifts and
arbitrary moduli with the same cost bound as for approximant bases (Algorithm 14), up
to logarithmic factors. We recall that in the specific case of approximants, all moduli are
powers of the variable.

In Section 8.1, we first give details of a link between solution bases and kernel bases in
shifted Popov forms. Using the fast approximant basis algorithm developed in Chapter 7,
we show how to compute such shifted Popov kernel bases efficiently. Then, combining
this with partial linearization to ensure that the degrees in the ouput basis are uniformly
small, this gives us a fast algorithm to compute solution bases when the shifted minimal
degree is known a priori.

To find this minimal degree, we then follow a divide-and-conquer approach similar to
that in Algorithm 14, presented in Section 8.3. However, here we have no access to factors
of the moduli, which are arbitrary polynomials given by their coefficients; as a result, we
will only split the instance according to the number of such moduli, that is, the number
of equations.

At the base case of this recursion, we are thus faced with the case of one equation.
This question is studied in Section 8.2, where we propose a new efficient strategy based
on the following ideas. As mentioned above, we may rewrite the problem as a kernel basis
problem; here, the matrix in input is a column vector. When the shift in input has small
entries, such a kernel basis can be computed with efficiently via a single call to a fast
approximant basis algorithm. On the other hand, we remark that when the entries of the
shift have a large amplitude, the output must have some block triangular shape which, if
known, can be used to divide the problem into smaller subproblems. We then design a
recursive approach which splits the shift into two subshifts of half the amplitude, rely on
a first recursive call to reveal a part of this block triangular shape, then use this shape to
define the second subproblem which we solve by a second recursive call, and finally gather
the results by deducing the shifted minimal degree and computing the solution basis from
the known minimal degree.
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8.1 Fast algorithm via kernel bases when the minimal
degree is known

This section summarizes and extends results from [GS11, Section 3]. We first show that

the s-Popov solution basis of Syzgy,(F) is the principal m x m submatrix of the u-Popov

kernel basis of [FT diag(?)]" for some shift u € Z™™. While it is not known how to

perform such kernel computations efficiently in general, this link will still lead us to a fast

algorithm for computing solution bases when the s-minimal degree of Syzg,(F) is known.
We start by recalling the notion of kernel bases for polynomial matrices.

Definition 8.1 (Kernel). Let V € K[X]™*™ be some polynomial matriz of rank p. Then,
the kernel of V is the K[X|-module

{p € K[X]"™ | pV =0}

of rank m — p, and a kernel basis for V is a matriz N € K[X]?*™ whose rows form a
basis of the kernel of V.

Then, we have the following relationship between solution bases and kernel bases.

Lemma 8.2. Let M = (my,...,m,) € K[X]%,, let F € K[X]|™*" be such that deg(F., ;) <
deg(m;) for 1 < j < n, lets € Z™. Let further P € K[X|™*™, let w € Z" be any shift
such that max(w) < min(s), and let u = (s,w) € Z™*™".

Then, P is the s-Popov solution basis of Syzen(F) if and only if

[P Q] is the u-Popov kernel basis for { ] for some Q € K[X]™*";

F
diag(ON)
in this case, deg(Q) < deg(P) and [P Q] has s-pivot index (1,2,...,m).

Proof. Let D = diag(91), and let V = [FT D|T € K[X](m+")x" We first verify that P is
a solution basis of Syzy,(F) if and only if there is some Q € K[X]™*" such that [P Q] is
a kernel basis for V.

First assume that P is a solution basis of Syzg(F). Then, Q = —PFD~! € K[X]™*"
is such that [P Q]V = 0. Let us consider [p q] € K[X]"*(™*") in the kernel of V and
show that it is a K[X]-linear combination of the rows of [P Q]. Indeed, p is a solution of
Syzgn(F), so that p = AP for some A € K[X]'*™. Then, —qD = pF = APF = —AQD
yields g = AQ, hence [p q] = AP Q].

Now, assume that there exists Q € K[X]|™*" such that [P Q] is a kernel basis for
V. Then, in particular, PF = 0 mod 9. We consider a solution p of Syzy(F) and show
that it is a K[X]-linear combination of the rows of P. Defining q = —pFD™!, we have
[p qV =0, hence [p q] = A[P Q] for some A € K[X]"*™ and therefore p = AP.

Finally, having deg(F.;) < deg(m;) implies that any [p q] € K[X]**(") in the
kernel of V satisfies deg(q) < deg(p), and thus from max(w) < min(s) we obtain that
rdeg,, (q) < rdeg,(p). In particular, for any matrix [P Q] € K[X]™*(™*") guch that
[P Q]V =0, we have Im, ([P Q]) = [lms(P) 0]. This implies that P is in s-Popov form
if and only if [P Q] is in u-Popov form with s-pivot index (1,...,m). n
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While this provides an algorithm to compute solution bases via kernel bases, to the
best of our knowledge, there is currently no known algorithm which would compute kernel
bases in shifted Popov form for arbitrary shifts within a number of operations that matches
our target cost bound O™ (m“~!'D), where D = deg(m;) + - - - + deg(m,,).

Even if we had such an algorithm, an obstacle of this approach is that it increases the
matrix dimension of the problem: instead of considering F with m rows, we consider V
with m + n rows. In fact, we will not manage to overcome this issue; this is one of the
reasons why we obtain the cost bound O (m“~!D) only under the assumption n € O(m).
(This is not the only reason: our main algorithm in Section 8.3 computes a residual as in
Lemma 6.4, and in this lemma we also required n € O(m) for efficiency.)

Another immediate difficulty is that this method does not compute only the solution
basis P but also the matrix Q € K[X|™*" formed by the quotients Q = —PF /diag(9).
Yet, Q may have size O(mnD) when P has columns of large degree as we show in the
next example; this size is beyond our target cost bound O (m“~'D).

FExample 8.3. Here, we work over the finite field K = Fg97 and with the matrix dimensions
m = n = 4. With a computer algebra system, we choose at random monic moduli
(my, my, mz, my) of respective degrees (5,10,3,19), as well as a matrix F € K[X]** of
column degree cdeg(F) < (5,10, 3,19). We thus have D =5+ 10+ 3 + 19 = 37.

Then, we define the matrix V € K[X|3** as

4 9] 2 18
4 [ 2 (18
e 1 | o @ ons
V= [diag(im)] = 1) ’
(10)
(3)
i (19)

where [d] indicates an entry of degree at most d, (d) indicates a monic entry of degree d,
and blank entries denote the zero polynomial.

Now, we compute the (0,37,74,111,0,0,0,0)-Popov kernel basis for V, obtaining the
matrix [P Q] € K[X]**®, whose degrees are

(37) 36 [36] [36] [36]
(36] (0) [35] [35] [35] [35]
P Q=15 © [ (35 (38 39
36] (0) [35] [35] [35] [33]

In this case, we note that P is the Hermite solution basis of Syzgy,(F). Furthermore, the
sum of column degrees of P is |cdeg(P)| = deg(det(P)) = 37 = D, as one could expect
from Lemma 2.10. However, P has a column of large degree; by large, we mean compared
to the average 37/4. As a consequence, the quotients in Q all have degree close to D.
Generalizing this example to arbitrary dimensions m = n and D, we get instances
where the quotient matrix Q has size in ©(m?D), and thus cannot be computed in
O(m“~'D) field operations. #
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Still, these quotients are not part of our specification of Problem 9: they are not
wanted in our context. Thanks to this remark, there is a specific situation in which we
are able to circumvent this difficulty concerning the size of Q, and to take advantage of
this interpretation of solution bases as submatrices of kernel bases.

Namely, let us now place ourselves in the case where the s-minimal degree of Syzyy, (F) is
known a priori. Then, partial linearization techniques can be used to reduce to the case of
almost uniform column degrees in the output. This has been presented for relation bases
in general in Section 6.2, and we give below a slightly modified version of Lemma 6.2
specialized to the particular case of solution bases.

Corollary 8.4. Let M € K[X|, with its entries having degrees (D, ..., D,), let F €
K[X]™*" be such that cdeg(F) < (D1,...,D,), and let s € Z™. Furthermore, let § =
(01,...,0m) denote the s-minimal degree of Syzgy(F).

Let 0 = [(Dy +---+ Dy,)/m] > 1, and fori € {1,...,m} write §; = (a; — 1)0 + S
with o; = [8;/0] and 1 < B; <6 if 6; > 0, and with a; =1 and §; =0 if 6; = 0. Then, let
let M = ay + - + a, and define & € 27, as in Eq. (6.4),

6=1(0,...,0,B1,-..,0,...,0, )

aq Qm

and the expansion-compression matriz € € K[X]™*™ as in Eq. (6.5),

1
X6
X(ai—l)&
E =
1
X5
X(ar‘n—l)é

Let d :~—g €Z™ and P € I[g[X]ﬁ‘”71 be the d-Popov solution basis of Syzy,(EF mod IM).
Then, P has d-pivot degree & and the s-Popov solution basis of Syzgy,(F) is the submatriz

of P& formed by its rows at indices {a; + -+ + a;, 1 < i < m}. Furthermore, we have
m < m < 2m and max(d) — min(d) < 4.

In terms of algorithm, this result leads us to perform a transformation of the input
and to compute a solution basis which is a partially linearized version of the sought one.
Computing this linearized basis via a kernel basis, we will at the same time compute a
corresponding quotient matrix which, unlike the solution basis, does not directly yield
the actual quotient matrix. This is not a problem since our aim is only to compute the
solution basis.

Thus, to compute solution bases with known minimal degree, we will resort to an
efficient procedure to compute shifted Popov kernel bases when information on the pivot
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entries of the output is available. The next result indicates that this can be done via an
approximant basis computation.

Lemma 8.5. Let V € K[X]™+)*" haye full rank and s € Z™*™. Let N € K[X]mx(m+n)
be the s-Popov kernel basis for V, let (my,...,my) be its s-pivot index, (01, ...,0m) be its
m-+n

s-pivot degree, and > deg(N) be a degree bound. Let further v = (v1,. .., Unip) € ZZ,
be defined by

U._{—ﬁ—l if i & {m,. . ),
o —0; if j=m.

Then, let T = cdeg(V)+(B+1,...,8+1) € Z2,, and A be the v-Popov approzimant basis
of Syz.(V). Then, N is the submatriz of A formed by its rows at indices {my, ..., Tn}.

Proof. First, N is in v-Popov form with rdeg,(N) = 0. Define B € K[X](m+m)x(m+n)
whose i-th row is N; . if i = 7; and A, , if i & {m,..., 7, }: we want to prove B = A.

Writing (dy, . .., d,) for the column degree of V, we have 7 = [r;]; with 7; = d,; + 8 +1
for 1 <j < n.

Let p = [p;]; € K[X]™™*") be a row of A, and assume rdeg, (p) < 0. This means
deg(p;) < —v, for all j, so that deg(p) < max(—v) = f+ 1. Then, we have deg(pV, ;) <
dj+p+1=T;forall 1 <j < n,andfrom pV,; =0 mod X we obtain pV, ; = 0, which
is absurd by minimality of N. As a result, rdeg,(A) > 0 = rdeg, (N) componentwise.

Besides, BF = 0 mod (X™,..., X™) and since B has its v-pivot entries on the diag-
onal, it is v-reduced: by minimality of A, we obtain rdeg,(A) = rdeg,(B). Then, it is
easily verified that B is in v-Popov form, hence B = A. n

In particular, using Algorithm 14, one can efficiently compute the shifted Popov kernel
basis for V if a degree bound S, the shifted pivot index, and the shifted pivot degree are
known a priori.

Proposition 8.6. Algorithm 15 is correct and uses O (m“~'(d + nfB)) operations in K,
where d = |cdeg (V)| is the sum of the column degrees of V.

Proof. The correctness of Algorithm 15 follows from Lemma 8.5. Besides, the approxi-
mant basis computation at Step 3 can be performed in O (m“~(D + nf)) according to
Proposition 7.10. M

In the context of the computation of solution bases with known minimal degree §, the
kernel basis is [P Q] and we have deg(Q) < deg(P) (see Lemma 8.2). Therefore we would
choose f = max(d) > deg(|[P Q]). As noted above, when § has some large entries we
may have 3 = O(D) and this kernel basis algorithm has cost bound O"(m*~*(D + nD)),
which exceeds our target O7(m*“~'D). Yet, thanks to Corollary 8.4 we can make & close
to uniform and thus solve this issue, leading us to Algorithm 16.

Proposition 8.7. Algorithm 16 is correct and uses O~ (m“~'D) operations in K, where
D = deg(my) + - - - + deg(m,,) and it is assumed that D > m and n € O(m).
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Chapter 8. Computing shifted Popov solution bases

Algorithm 15 — PiIvDEGKERBAS
(Shifted Popov kernel basis with known pivot degree)
[nput:
e a matrix V € K[X]|™*"*" with full rank,
e a shift s € Z™*",
e the s-pivot index (7, ..., m,) of the s-Popov kernel basis for V,
e the s-pivot degree (d1,...,0d,,) of the s-Popov kernel basis for V,
e a bound B € Z~ at least the degree of the s-Popov kernel basis for V.

Output: the s-Popov kernel basis for V.
1. v (v1, .., Vi) € 2" withv; = = —11if j & {m,..., 7} and
v; = =0 if j =m.
2. T+cdeg(V)+(B+1,....0+1)eZ,
3. A < FASTPOPOVAPPBAS(T,V, V)

4. Return the submatrix of A formed by its rows {my,..., 7}

Proof. First, since we have chosen u = (—8, —4, . ., —0) with —§ = min(—4), it follows
from Lemma 8.2 that the u-Popov kernel basis N for [FT diag(9M)]" can be written as
[P Q] where P is the —3-Popov solution basis of Syzyy(F ). This lemma also ensures that
N has u-pivot index = = (1,...,m) and u-pivot degree 8; and since deg(Q) < deg(P),
we have deg(N) < deg(P) = max(d) = 4.

Then, Proposition 8.6 states that this kernel basis N is correctly computed at Step 3,
and Corollary 8.4 ensures that the submatrix at Step 4 is the sought s-Popov solution
basis of Syzgy,(F).

Concerning the cost bound, we recall from the proof of Lemma 6.4 that EF mod 9N
at Step 2 can be computed in O"(mD) operations, assuming n € O(m). Now, according
to Proposition 8.6, the kernel basis computation at Step 3 uses

O (m* (|edeg(V)| +nd)) € O (m“ 'D)

operations in K. In this bound, the inclusion follows first from the identity |cdeg(V)| =
deg(my)+---+deg(m,) = D, and second from the inequality nd = n[D/m] < n+nD/m,
with n 4+ nD/m € O(D) since by assumption n € O(m) and m < D. »

We remark that when D < m, one may rely on our algorithm based on fast linear
algebra (Algorithm 3 in Section 4.3.2) to compute the shifted Popov solution basis in
O~ (mD“~1) operations, without requiring that the shifted minimal degree be known.

8.2 The case of one equation

We now present the main new ingredients which allow us to efficiently deal with arbitrary
moduli, instead of powers of X as in Chapter 7. These ingredients concern the case of a
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8.2. The case of one equation

Algorithm 16 — MINDEGSOLBAS
(Solution basis with known minimal degree)
Input:
e polynomials M = (my,...,m,) € K[X]%,
a matrix F € K[X|™*" with deg(F., ;) < deg(m;),
a shift s € Z™,
0 = (01,...,0,) the ssminimal degree of Syzgy(F).

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

1. /* Partial linearization parameters */
0 < [(deg(my) + - + deg(m,))/m],
a; < [0;/6] +1for 1 <i<m,
Moyt
d < tuple as in Eq. (6.4),

& < matrix as in Eq. (6.5)

2. /* Partially linearize the equations */

F « EF mod M

3. /* Reduce to kernel basis */
V « [FT diag(")]"
u< (=8,-0,...,—0) € Zn
<+ (1,...,m)
N < PivDEGKERBAS(V, u, 7, 5, J)

4. /x Retrieve the expanded basis and compress back */
Write N = [P Q] with P € K[X]™*™
Return the submatrix of P€ formed by its rows {a1+- - 4a;, 1 <i < m}
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Chapter 8. Computing shifted Popov solution bases

single equation, that is, n = 1, for which they lead to an efficient algorithm to find the
shifted Popov solution basis. Then, we show in Section 8.3 how to rely on this as the base
case of a divide-and-conquer scheme on the number of equations.

8.2.1 Amplitude, splitting indices, and block triangular shape

First, we show that when the shift s has a small amplitude amp(s) = max(s) — min(s),
one can solve Problem 9 via an approximant basis computation at small order.

Lemma 8.8. Let m € K[X]|.o be of degree D, let F € K[X]|™ with deg(F) < D,
and let s € Z™. Consider the shift u = (s,min(s)) € Z™"! and the polynomial vector
V = [FT m]" € K[X]™+V*L For any 7 > amp(s) + 2D, the s-Popov solution basis of
Syz,(F) is the principal m x m submatriz of the u-Popov approzimant basis of Syz.(V).

Proof. Let us denote by A = [E ‘Cﬂ € K[X](m+Dx(m+1) the u-Popov approximant basis of
Syz,.(V), where P € K[X]™™ and ¢ € K[X], and let B = [P q] € K[X]™*(™+ be the
u-Popov kernel basis for V. Then, by Lemma 8.2, it is enough to prove that B = [P q].

First, since the smallest entry of u is its last one, and since A is in u-Popov form,
we have rdeg(p) < deg(q). This implies that ¢gm # 0, and using deg(F) < D = deg(m)
we obtain that deg(pF + ¢m) = deg(q) + D. Since pF + ¢gm = 0 mod X7, this yields the
inequality deg(q) + D > 7.

Furthermore, since we have BV = 0, the same arguments also prove that the u-pivot
entries of B are located in P.

Now, since the sum of the u-pivot degrees of A is at most 7 by Lemma 2.10, then the
sum of the s-pivot degrees of P is at most D. With [P q] in u-Popov form, this implies
that deg(q) < D + amp(s) < 7 — D. We obtain deg(PF + qm) < 7, hence PF + qm = 0.
Thus, the minimality of B and A gives the conclusion. a

When amp(s) € O(D), this gives a fast solution to our problem. In what follows, we
present a divide-and-conquer approach on amp(s), with base case amp(s) € O(D).

We first give an overview of this approach, assuming that s is non-decreasing. A key
ingredient is that when amp(s) is large compared to D, then P has a lower block triangular
shape, since it is in s-Popov form with sum of s-pivot degrees |§| < D. Typically, having
Six1 — S; = D for some ¢ implies that

PD 0
p= p)

with P® € K[X]> and P® € K[X]m~9*(m=)_In general, even though the block sizes
are unknown a priori, we are going to show that they can be revealed efficiently, along
with the s-minimal degree d of Syz, (F'), by a divide-and-conquer algorithm that we sketch
in the next paragraphs.

First, we use a recursive call with the first j entries s of s and F(© of F, where j
is such that amp(s(®) is about half of amp(s). Computing the s-Popov solution basis
of Syz,(F©) reveals the first i < j entries (Y of § and the first i rows [P(Y) 0] of P,
with P € K[X]™?. A central property is that amp(s?) is about half of amp(s) as well,
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8.2. The case of one equation

where s is the tail of s starting at the entry i + 1. Note that this is not obvious, since
we have ¢ < 7 with ¢ unknown a priori.

Then, knowing the degrees (1) allows us to set up an approximant basis computation
that yields a residual, that is, a column G € K[X]™~9*! and a modulus n such that
we can continue the computation of P using a second recursive call which consists in
computing the s?-Popov solution basis of Syz,(G). From these two calls we obtain &,
and then P can be recovered efficiently using Algorithm 16.

Now we present the details of this approach and of its correctness. Let F € K[X]™*!,
m € K[X]. with D = deg(m) > deg(F), s € Z™, P be the s-Popov solution basis of
Syz,(F), and § be the s-minimal degree of Syz, (F). In what follows, 5 = (11, ..., m)

is any permutation of {1,...,m} such that (sg,,..., Sy, ) is non-decreasing.

Then, for t = (t1,...,t,) € Z™ we write tj,;) for the subtuple of t formed by its
entries at indices {7;,..., 7}, and for a matrix A € K[X]™*™ we write A};;y for the
submatrix of A formed by its rows at indices {m;, m;11,...,7;} and columns at indices
{7k, Tk+1,- .., m}. The main ideas in this section can be understood by focusing on the
case of a non-decreasing s, taking m; = 7 for all 2: then we have tj;.; = (tistis1,...,t;) and
A[i:j,k’:l] - (Au,v)igugj,kgvgl-

Remark 8.9. We recall that, by subtuple or submatrix we always mean that the respective
positions of the rows are unchanged. For example, the subtuple of (3,7,8) formed by its
entries at indices {3,1} is (3, 8).

Furthermore, one may wonder why we do not simply sort the shift s in non-decreasing
order from the beginning, and permute the entries of F accordingly. The reason is that,
if we find the shifted Popov basis for this permuted instance, then permuting back the
columns of this basis do not necessarily yield the sought s-Popov basis P; while it does
yield an s-minimal basis, it is not clear how to deduce P efficiently from the latter. s

We now introduce the notion of splitting index, with the aim of helping us to locate
zero blocks in the block-triangular shape of P.

Definition 8.10 (Splitting index). Let d = (d;); € ZZ,, t € Z™, and write (u;); € Z7,
the entries of w*. Then, an integer i in {1,...,m — 1} is said to be a splitting index for
(d,t) if we have d,,; +t,, —1 <0 forallje{1,...,i}.

Hit+1

We will see below in Lemma 8.12 that if 7 is a splitting index for (d,s), then the
s-Popov solution basis has a block triangular shape. Our algorithm first looks for such
a splitting index, and then uses this shape to split the problem into two subproblems
concerning the two diagonal blocks, which have of dimensions ¢ and m — . To find a
splitting index, we rely on the following property.

Lemma 8.11. Letd € ZZ, and t € Z™. If (d,t) does not admit any splitting index, then
we have |d| = amp(t).

Proof. Let us write (u;); € ZZ, the entries of w* and (d;); € ZZ the entries of d. Since
m — 1 not a splitting index for (d,t), there exists j; € {1,...,m — 1} such that d,, +
tu;, =ty = 0. Then, if j; = 1, we have by, — b = —amp(t) and the property is proved;
otherwise, since j; — 1 is not a splitting index, there exists jo € {1,...,j; — 1} such that
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Chapter 8. Computing shifted Popov solution bases

P

dy;, +tu;, —tu;, = 0. This way, we build j1 > jo > -+ > j, = L with dy,; +t,, —t,

for 1 < k < r (where we write jo = m): summing these inequalities gives the result.

In the next result, we show that if 7 is a splitting index for (4,s), then the s-Popov
solution basis P has a block triangular shape up to row and column permutations:

P[:i,:i} P[:i,i—&-l:} :| _ |: P[:i,:i] 0 .
P[i+1:,:i] P[i+l:,i+1:] P[i—i—l:,zi] P[i—i—l:,i—l—l:] ’

in Section 8.2.2, we will exploit this shape to consider subproblems related to the diagonal
blocks.

Lemma 8.12. If i is a splitting index for (8,s), then [P Priiiig] = [Ppiq 0]

Proof. Here, P = [p;j];; is in s-Popov form with diagonal degrees d = (d1,...,d,,). This
implies that the s-pivot of the row ¢ of P is on the diagonal and of degree 9;. Thus,
for all j, we have rdeg(P;.) = &; + s; > deg(p;j) + s;. Moreover, % = (m;); is such
that (Sq, ..., Sy, ) is non-decreasing. Now, since 7 is a splitting index for (§,s), we have
On; + Sx; — Sp;yy, <0 forall 1 < j <. Then, for k > i+ 1, from the inequality above and
Sm, = Sm,, We obtain that deg(pr, x,) < 0x;+8x, —8r,,, <0, and therefore p,, », = 0. This
concludes the proof since Py, ;11 is precisely the submatrix of P formed by its coefficients
at indices (m;,m) for j <iand i+ 1 < k. »

8.2.2 Fast algorithm for a single equation

Using the result above allows us to partition s into ¢ subtuples which all contain a splitting
index, as follows.

Given « € Z~g, we let £ = 1+ [amp(s)/«| and we consider the subtuples sy, ..., s, of
s where s, consists of the entries of s in {min(s) + (k — 1), ..., min(s) + ka — 1}; this
gives a subroutine PARTITION(s, ) = (sy,...,8¢). Now we take o > 2D and we assume

Srie — Sm < D for 1 <@ < m without loss of generality (see the end of Section 1.2.2).
Then, for 1 < k < ¢, since |§] < D according to Lemma 2.10, and since by construction
amp(t) > D with t = (s, min(sg11)), by the above remark s contains a splitting index
for (4,s).

Still, we do not know in advance which entries of s; correspond to splitting indices for
(8,s). Thus we recursively compute the s-Popov solution basis P fors,, ..., S¢/2, and we
are now going to prove that this gives us a splitting index which divides the computation
into two subproblems, the first of which has been already solved by computing P©.

Lemma 8.13. Let j € {2,...,m}, let s©) = s.j), let PO be the s(9-Popov solution basis
of Syzy,(F.;)), and let 3 be its s -pivot degree. We assume that there is a splitting index
i for (6,8 such that i < j. Let PW € K[X]™ be the sV)-Popov solution basis of
SyZu (Fpg) with sV = sy, and let 81 be its sW-pivot degree. Then i is a splitting index
for (8,s) and we have Pp; 4 = P = P[(g?:i]; in particular, oy, = oM = (5[(3]). In these

identities, the entries of P and 6© are indexed by {my,. .. ,m;} sorted increasingly.
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8.2. The case of one equation

Proof. Since i is a splitting index for (6, s(?) we have [P[(g?:ﬂ Pfg?iﬂﬂ] = [Q 0] for
some Q € K[X]™’. Now, for any B € K[X]™™ with Bp;.; Bpii1g = [PY 0], the
submatrix By, j is in s-Popov form with its rows being solutions of Syz,(F). Then, by
minimality of P, P, has s-pivot degree at most 6" componentwise, so that 4 is also a
splitting index for (4, s), and in particular [Pp;.; P14 = [R 0] for some R € K[X]>.
It remains to prove that Q = R = P,

Since RF[; = 0 mod m and R = Py, ;) is in s(D-Popov form, proving that all solutions
p € K[X] of Syz,,(F[.) are in the row space of R is enough to obtain R = P("). Since
q € K[X]"™ defined by [qp; qpt+17) = [P 0] is a solution of Syz,(F), g = AP for some
A € K[X]"*™. Now P is nonsingular, thus Pp; ;1) = 0 implies that [Apj Appig] = [p 0]
with g € K[X]™, hence p = qpj) = APz + Ajis1Ppis1.) = pQ. Similar arguments
give Q = PO, »

The next two lemmas show that knowing 6V, which is 01, allows us to compute a
so-called residual (n, G) from which we can complete the computation of § and P.

Lemma 8.14. Let s®® = 5|1y, let d = —6W + min(s®) — 2D € Z, let v € Z™ be such
that [V Vi) = [d s@)], and let u = (v, min(d)) € Z™*'. Besides, let [% 3] denote the
u-Popov approzimant basis at order 2D for [FT m]T, where A € K[X]™™ and q € K[X].
Then, we have deg(q) = D, Apiit11 =0, P11 =0, and [Ap . qpg) = [PY qW], where
q(l) — —P(l)F[;ﬂ/m.

Proof. Since u = (v, min(v)) we have deg(p) < deg(q), and since deg(F) < deg(m) the
degree of pF + gm is deg(q) + D; then pF + ¢gm = 0 mod X?” implies deg(q) + D > 2D.
Now, since A is in v-Popov form and deg(A) < 2D — deg(q) < 2D, from min(s®) >
max(d) + 2D we get A, ;1) = 0. Besides, pj117 = 0 since either deg(q) < 2D and then
min(s®) > min(d) + deg(q), or A is the identity matrix and then p = 0.

Furthermore, by Lemma 8.2 [P q™M] is the (d, min(d))-Popov kernel basis for
[F; m]", with (d, min(d))-pivot index {1,...,i}, (d, min(d))-pivot degree 6" and de-
gree at most max(6()). Then, following the arguments in the proof of Lemma 8.5, one
can show that [Ap; . qug] = [PY qM]. n

Thus, up to row and column permutations this approximant basis is

PO o qO
[A d _ | , pO
P q * 0 q

with P® = Apiiii € KIX] (m=)x(m=i) i s()_Popov form.

Lemma 8.15. Let us denote by 6 € Z;”O_i the s -pivot degree of P2 = A1y, let
n= X_zD(p[:i]F[;i] + qm) S K[X], and let G = X_2D(A[Z-+1;7;]F + q[iﬂz]m) € K[X](m_i)XI.
Then, deg(G) < deg(n) < D—|6W|—|6P)|. Furthermore, let P be the t-Popov solution
basis of Syz,(G), where t = rdegy= (P®), and denote by §©® its t-pivot degree. Then,
(6[:2‘], J[HH) = (5(1), 63 + 5(3)).
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7]
2]

Proof. From Lemma 2.10, the sum || +|6®)| + deg(q) of the u-pivot degrees of |
is at most the order 2D. As a consequence, deg(n) = deg(q) — D < D — |61] — |
deg(Ajir1:) < [6W] < D, deg(Ajii1i414) < [6P] < D, and deg(qj+1y) < deg(q).
implies deg(G) < deg(q) — D = deg(n).

Let q® = —P®G/n and t = rdeg,([p ¢]) = deg(q) + min(d) < min(s®) < min(t).
By Lemma 8.2, [P® q®)] is the (t,¢)-Popov kernel basis for [GT n]T. Then, defining
B € K[X]™™ and ¢ € K[X]|™*! by

B[:i,:i] B[:i,i—i—l:] Cl:9) :| _ |:I 0 0 :|
Bliti::) Blitiiv1]  Clitry 0 P® g®]°

B ¢ [A q}

P q

A
3

o
Thi

we have that the product

is a u-minimal kernel basis for [FT m|T, according to [ZLS12, Theorem 3.9]. As a result,
Lemma 8.2 implies that
P—[B d [A}
Y

is a v-minimal solution basis of Syz,(F). )
It is easily checked that P is in v-Popov form, so that the v-Popov form of P is P
and the v-pivot degree of P is §. Besides,

_P[n%:i} _P[:z',iﬂ;} _ PO 0 '
Plivii) Pl POA, +q®PA;, POPR|”
thus the item (iv) of Theorem 1.28 implies that (&, 6ji414) = (61,62 1 §®). »

These results lead us to Algorithm 17. It takes as input the parameter o which dictates
the amplitude of the subtuples that partition s; as mentioned above, the initial call can
be made with ao = 2D.

Proposition 8.16. Algorithm 17 is correct, and if the input parameter is initially set to
a = 2D, it uses O"(m“~1D) operations in K.

Proof. The correctness follows from the results in this section.

At each base case of the recursion, we have in Step 1 the computation of the shifted
Popov approximant basis of a column at order O(«). By Proposition 7.10, denoting by
m the dimension at this base case, this uses O"(m“~'«) operations.

Running the algorithm with initial input @ = 2D, then the recursive tree has depth
O(log(¢)) = O(log(14+amp(s)/2D)), with amp(s)/2D € O(m?) (we recall that the entries
of an arbitrary shift can be reduced a priori thanks to the bound D on the degree of the
determinant of the output basis, see Section 1.2.2). All recursive calls are for a modulus of
degree D < a. The approximant basis computation at Step 2.b then uses O™ (m“~!D) op-
erations. Besides, the computation of G and n at Step 2.c can be done in time O™ (m“~1D)
using partial linearization as in Lemma 6.4, and Step 2.e uses O (m“~!D) operations by
Proposition 8.7.
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Algorithm 17 — FASTPOPOVSOLBASONEEQ
(Solution basis for a single equation)
Input:
e a polynomial m € K[X], of degree D,
e a column F € K[X]™*! with deg(F) < D,
e a shift s € Z™,
e a parameter a € Z~y with a > 2D.

Output: the s-Popov solution basis of Syz, (F).

1. If amp(s) < 2a:

a. A < FASTPOPOVAPPBAS(2a + 2D, [FT m]T, (s, min(s)))

b. Return the principal m x m submatrix of A
2. Else: /x £ =1+ |amp(s)/a] =3 */

a. (s1,...,8¢) < PARTITION(s, a),
J < sum of the lengths of sy,...,s7//97, s S[:4]»
P® « FASTPOPOVSOLBASONEEQ(m, Fj,s, a)
8 « diagonal degrees of P(©)

b. i + the largest splitting index for (6(,s(®), ) « 6[(2]),
s 501, d 80 + min(s?) — 2D,
v € Z™ with [vy Vi) < [d sP], u + (v, min(d))

{ﬁ 2} < FAsTPOPOVAPPBAS(2D, [FT m]",u)

c. 6@ « the s®-pivot degree of A 1. 41,
G XﬁZD(A[H_l%;}F + q[i—i-l:]m)
n« X 22(pFr + qm)
d. t «s® +63% = rdegge (A[i+1:,i+1:])
P®) < FASTPOPOVSOLBASONEEQ(n, G, t, )
d® <« diagonal degrees of P®
e. 0 & Z;no with (5[2}a 5[i+1:]> «— (5(1)

0@ 5(3))
Return MINDEGSOLBAS(m, F, s, §)

197



Chapter 8. Computing shifted Popov solution bases

On a given level of the tree, the sum of the dimensions of the column vector in input
of each subproblem is in O(m). Since a*~ 4+ v~ < (a+ b)“~! for all a,b > 0, each level
of the tree uses a total of O7(m“~'a) operations. »

8.3 Fast solution bases in Popov form for arbitrary
shifts

Now that we have an efficient algorithm for the case of one equation n = 1, our main algo-
rithm uses a divide-and-conquer approach on n. For efficiency, we follow ideas described
in Section 1.2.1 and already used above in Algorithm 14: from the two bases obtained
recursively, we deduce the s-minimal degree §; then, knowing &, we compute the sought
solution basis via Algorithm 16.

When the dimension D = deg(m;) + - -- + deg(m,,) is small, namely at most m, we
rely on the general relation basis algorithm detailed in Section 2.2 and Chapter 4. For
the computation of the residual G at Step 3.c, we use partial linearization as detailed in
Lemma 6.4 in Section 6.3.

Proposition 8.17. Algorithm 18 is correct; assuming n € O(m), it uses O (m“~1D)
operations in K.

Proof. The correctness and the cost O7(m*~'D) for Steps 1 and 2 follow from Proposi-
tion 4.18 and Proposition 8.16. With the costs of Steps 3.c and 3.e given in Proposition 8.7
and Lemma 6.4, we obtain the announced cost bound.

Concerning the correctness Step 3, we use Theorem 1.28 with the module M®) of
solutions of Syzgy) (F) and the module M®) of solutions of Syzge (F®*). The item
(4v) of this theorem implies that the s-minimal degree of Syzy(F) is the sum §) + §®),
and therefore Step 3.h computes the s-Popov solution basis of Syzgy(F) according to
Proposition 8.7.

As for a cost bound, we have two recursive calls at Steps 3.c and 3.f, the computation
of the residual at Step 3.e, and the computation of the output basis at Step 3.h. The
first recursive call involves the first [n/2] equations FY) modulo 9™ with the sum of
the degrees of the moduli being DM = Dy 4-- -+ D\, /2], while the second recursive call is
for the updated remaining [n/2] equations G modulo 9M? | with the sum of the degrees
of the moduli being D@ = Dy +- -+ Dy, /57 Although D'V and D® may be unbalanced,
we have D = DU + D@ if the cost of Steps 3.e and 3.h is in O"(m*“~!D), then this
implies that the overall cost is in O (m*~'D) as well.

Proposition 8.7 states that the call to MINDEGSOLBAS at Step 3.h uses O (m*~!D).
Besides, according to Lemma 6.4, the same cost bound holds concerning the computation
of G at Step 3.e. Indeed, by Lemma 2.10 the sum of column degrees of PW is at most
DW < D, the sum of the degrees of the moduli in 9MM® is at most D < D, we have
m < D, and n € O(m) by assumption. »
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8.3. Fast solution bases in Popov form for arbitrary shifts

Algorithm 18 — FASTPOPOVSOLBAS

(Shifted Popov solution basis)

[nput:
e polynomials M = (my, ..., m,) € K[X], of degrees (Dy,...,D,),
e a matrix F € K[X]™*" with deg(F, ;) < D; for 1 < j < mn,
e a shift s € Z™.

Output: the s-Popov solution basis of Syzgy(F).
1. f D=Dy+---+ D, <m:
a. For j from 1 to n:

(i) write F, ; = f;o) + fj(l)X N f](Djfl)XDjfl

and m; = ;0) + cg.l)X 4.4 C;,Df—l)Xqu XD
.. b .
(ii) E; + [f;o) f](l) fj( i—1)| ¢ Km*D;
0o 1
(ili) C; R c KDixD;
_o @) _C(_Dj—l)
J j 2
b. E « [El En} € K™P; C + diag(Cy,...,C,) € KP*P

c. Return LINPOPOVRELBAS(C, E, s)

2. Else if n =1 then return FASTPOPOVSOLBASONEEQ(my, F,s,2D)
3. Else:

a. MY < (my,... ,Myp/2)); FO F.i . n2

b. M — (Mpyapi1, - ma); FOF, o
c. PU « FasTPopovSoLBAS(OM®M FM) )

d. 6V « diagonal degrees of P

e. G « POF® mod m®

f. P® < FasTPorovSoLBAS(M®?), G, s + 6W)
g. 6 « diagonal degrees of P

h. Return MINDEGSOLBAS(O, F,s, 60 4 §?)
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9

Computing a solution via structured
linear algebra

In this chapter, we focus on Problem 10, which asks to compute a degree-constrained
solution to a system of linear modular equations over K[X]. A natural approach is to
rely on the algorithm in Chapter 8, and retrieve a degree-constrained solution as being
the row with smallest degree in a full shifted minimal basis of solutions. Here, using fast
algorithms for solving structured linear systems over K, we give a probabilistic approach
which is slightly faster. A detailed overview of this approach and a comparison with
previous work were presented in Section 2.5.

We start by summarizing some general aspects of solving structured linear systems
(Section 9.1). Then, in Section 9.2, we will present a first solution based on a reduction to
the case of moduli that are powers of X, leading to the consideration of a mosaic-Hankel
system over K. Finally, in Section 9.3 we give another solution, which directly rewrites
the modular equations over K[X] as a linear system over K with a Toeplitz-like structure.

9.1 Solving structured homogeneous linear systems

Our two solutions to Problem 10 rely on fast algorithms for solving linear systems of the
form Au = 0 with A a structured matrix over K. In this section, we briefly review useful
concepts and results related to displacement rank techniques. While these techniques
can handle systems with several kinds of structure, we will only need (and discuss) those
related to Toeplitz-like and Hankel-like systems; for a more comprehensive treatment, the
reader may consult [Pan01].

Let m be a positive integer and let Z,, € K™* be the square matrix with ones on
the subdiagonal and zeros elsewhere:

0 0 -~ 0 0]
1 0 -+ 0 0

Zm — O 1 0 .. 0 c Kme.
0 0 1 0
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Given two integers m and n, consider the following operators:

Am,n : KmX’rL % KmX’I”L
A — A-Z,AZT

and
A{m,n: Kmxn — Kmxn
A = A-7,AZ,

which subtract from A its translate one place along the diagonal and the anti-diagonal,
respectively.

Let us discuss A, ,, first. If A is a Toeplitz matrix, that is, invariant along diagonals,
Ay, (A) has rank at most two. As it turns out, Toeplitz systems can be solved much faster
than general linear systems, in quasi-linear time in m+n. The main idea behind algorithms
for structured matrices is to extend these algorithmic properties to those matrices A for
which the rank of A,, ,(A) is small, in which case we say that A is Toeplitz-like. Below,
this rank will be called the displacement rank of A (with respect to A, ).

A pair of matrices (V, W) in K"** x K**" will be called a generator of length « for
A with respect to A, if Ay, (A) = VW. For the structure we are considering, one
can recover A from its generator; in particular, one can use a generator of length « as a
way to represent A using a(m + n) field elements. One of the main aspects of structured
linear algebra algorithms is to use generators as a compact data structure throughout the
whole process.

Up to now, we only discussed the Toeplitz structure. Hankel-like matrices are those
which have a small displacement rank with respect to A7, that is, those matrices A for
which the rank of A  (A) is small. As far as solving the system Au = 0 is concerned,
this case can easily be reduced to the Toeplitz-like case. Define B = AJ,,, where J,, is the
reversal matrix of size n, all entries of which are zero, except the anti-diagonal which is
set to one. Then, one easily checks that the displacement rank of A with respect to A7,
is the same as the displacement rank of B with respect to A,, ,, and that if (V, W) is a
generator for A with respect to A}, then (V,WJ,) is a generator for B with respect
to Ay, . Using the algorithm for Toeplitz-like matrices gives us a solution v to Bv = 0,
from which we deduce that u = J,,v is a solution to Au = 0.

In this thesis, we will not enter the details of algorithms for solving such structured
systems. The main result we will rely on is the next proposition; this result can be found
in [BJS08, BJMS16|, which features the best known complexity for this kind of task, to
the best of our knowledge. This algorithm is based on previous work of Bitmead and
Anderson [BA80|, Morf [Mor80|, Kaltofen [Kal94], and Pan [Pan01], and is probabilistic
(it depends on the choice of some parameters in the base field K, and success is ensured
provided these parameters avoid a hypersurface of the parameter space).

The proof of the following proposition occupies the rest of this section. Remark that
some aspects of this statement could be improved (for instance, we could reduce the cost
so that it only depends on m, not max(m,n)), but that would be inconsequential for the
applications we make of it.

Proposition 9.1. Given a generator (V, W) of length a for a matriz A € K™*" with
respect to either Ay, ,, or Al . one can find a nonzero element in the right nullspace of A,

m,n’
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9.1. Solving structured homogeneous linear systems

or determine that none exists, by a probabilistic algorithm that uses O(a~'M(D)log(D))
operations in K, with D = max(m,n). The algorithm chooses O(D) elements in K; if
these elements are chosen uniformly at random in a subset of K of cardinality at least
6D?, the probability of success is at least 1/2.

Square matrices. In all that follows, we consider only the operator A,,,, since we
already pointed out that the case of A}, can be reduced to it for no extra cost.

When m = n, we use directly the main results of [BJS08, BJMS16]|, which give the
running time reported above. However, they do not explicitly state which solution we
obtain, as they are written for general non-homogeneous systems. Here, we want to make
sure that we obtain a nonzero element in the right nullspace (if one exists), so slightly
more details are needed.

The algorithm in that theorem chooses 3m — 2 elements in K, the first 2m — 2 of which
are used to precondition A by giving it generic rank profile; this is the case when these
parameters avoid a hypersurface of K*™~2 of degree at most m? + m.

Assume this is the case. Then, following [KS91], the output vector u is obtained in a
parametric form as u = ¢(u’), where u’ consists of another set of m parameters chosen
in K and ¢ is a surjective linear mapping with image the right nullspace ker(A) of A.
If ker(A) is trivial, the algorithm returns the zero vector in any case, which is correct.
Otherwise, the set of vectors u’ such that ¢(u’) = 0 is contained in a hyperplane of K™,
so it is enough to choose u’ outside of that hyperplane to ensure success.

To conclude we rely on the Zippel-Schwartz lemma [DL78, Zip79, Sch80], which can
be summarized as follows: if a nonzero polynomial over K of total degree at most d is
evaluated by assigning each of its indeterminates a value chosen uniformly at random in a
subset S of K, then the probability that the resulting polynomial value be zero is at most
d/Card(S). Thus, applying that result to the polynomial of degree d := m?+m+1 < 3m?
corresponding to the hypersurface and the hyperplane mentioned above, we see that if we
choose all parameters uniformly at random in a subset S C K of cardinality Card(S) >
6m?, the algorithm succeeds with probability at least 1/2.

Wide matrices. Suppose now that m < n, so that the system is underdetermined. We
add n —m zero rows on top of A, obtaining an n x n matrix B. Applying the algorithm
for the square case to B, we will obtain a right nullspace element u for B and thus for A,
since these nullspaces are the same. In order to do so, we need to construct a generator
for B from the generator (V, W) we have for A: one simply takes (V, W), where V is
the matrix in K"* obtained by adding n — m zero rows on top of V.

Tall matrices. Suppose finally that m > n. This time, we build the matrix B € K"™*™
by adjoining m — n zero columns to A on the left. The generator (V, W) of A can be
turned into a generator of B by simply adjoining m — n zero columns to W on the left.
We then solve the system Bv = 0, and return the vector u obtained by discarding the
first m — n entries of v.

The cost of this algorithm fits into the requested bound; all that remains to see is that
we obtain a nonzero vector in the right nullspace ker(A) of A with nonzero probability.

203



Chapter 9. Computing a solution via structured linear algebra

Indeed, the nullspaces of A and B are now related by the equality ker(B) = K™ x
ker(A). We mentioned earlier that in the algorithm for the square case, the solution v
to Bv = 0 is obtained in parametric form, as v = ¢(v’) for v/ € K™, with ¢ a surjective
mapping K™ — ker(B). Composing with the projection 7 : ker(B) — ker(A), we obtain
a parametrization of ker(A) as u = (7o £)(v’). The error probability analysis is then the
same as in the square case.

9.2 Reducing to solving a mosaic-Hankel linear system

In this section, we give our first solution to Problem 10, thereby proving Theorem 2.25;
this solution is outlined in Algorithm 19. It consists in first deriving equations modulo
powers of X as in Lemma 9.3 below, and then linearizing them to obtain a mosaic-Hankel
linear system which can be solved using the approach recalled in Section 9.1.

The derivation of the equations in Lemma 9.3 generalizes ideas from [RR00, ZGA11,
Zeh13]. In these references, one focuses on solving the multivariate interpolation problem
Problem 11 using the reduction to Problem 10 given in Section 11.1; in this context, these
modular equations are some type of extended key equations [RR00, ZGA11, Zeh13|.

We first recall Problem 10. We have in input some moduli 9 = (mg,...,m, ;) €
K[X]%, and a matrix F € K[X]"™. Denoting by D; the degree of m;, we assume that
the entries of the row F; , have degree less than D;, for 0 <7 < n.

Remark 9.2. In this chapter, we consider the equations as being given by the rows of F,
and not by its columns as we did until now; this is because we will base our algorithms
on structured linear system solving, for which it is more common to see the unknown as
a column vector on the right of the system matrix. Furthermore, in this chapter the row
and column indices of matrices will be numbered starting from 0. =

Then, given degree bounds forming a shift N = (=N, ..., —N,,_1) € Z,, we look for
a column vector p € K[X]|™*! such that the following holds:

(a) p is nonzero,

(b) cdegn(p) <0,
(¢) Fp =0 mod M.

We recall that, writing p = [p;]i1<j<m, the item (b) is equivalent to having deg(p;) < N;
for all 0 < j < m, while (¢) is equivalent to having F; .,p = 0 mod m; for all 0 < i < n.
In this section, without loss of generality, we assume that the moduli in 991 are monic.

Our goal here is to linearize the condition (¢) into a homogeneous linear system over
K involving D linear equations with N unknowns, where D = Dy + --- + D, _; and
N = Ny + -+ Np,—1. Without loss of generality, we will assume that

N<D+1. (9.1)

Indeed, if N > D + 1, then the instance of Problem 10 we are considering has more
unknowns than equations and we may set the last N — (D + 1) unknowns to zero while
keeping the system underdetermined. This simply amounts to replacing the degree bounds

204



9.2. Reducing to solving a mosaic-Hankel linear system

No, ..., Npm—1 by No, ..., Npy_o, N/, |, for m" < m and N/, ; < N,y_; such that Ny +
o+ Np—o+ N/, | =D+ 1. In particular, m may only decrease through this process.

In what follows, we write F = [F} ;]; ; and we will work with the reversals of the input
and output polynomials, defined by

m; = XPm (X,

Fij= XD (X7,
pj =XV p (X,
Let also f = maxj«,, N, and, for 0 <7 <n and 0 < j < m,
b =D;+p—1 and ~;=p8-—Nj.

In particular, §; > 0 and 7; = 0; recalling that m; is monic, we can define further the
polynomials S; ; in K[X] as

XF,
Sij = 7 mod X"

(]

for 0 < i <mn and 0 < j < m. (Those polynomials can be seen as a generalization of the
ones that are usually called syndrome polynomials in the context of coding theory; see for
example [ZGA11].) By using these polynomials, we can now reformulate the approxima-
tion condition of Problem 10 in terms of a set of extended key equations [ZGA11]:

Lemma 9.3. Let p = [p;]; € K[X|™? satisfy the degree constraints in (b). Then, p

satisfies the condition (c) if and only if for all i € {0,...,n—1}, there ezists a polynomial
T; € K[X] such that

S Sipy = Timod X% and  deg(Ty) < 4 - 1. 92)

o<gj<m

Proof. The condition (¢) holds if and only if for all ¢ in {0,...,n — 1}, there exists a
polynomial B; € K[X] such that

Z Fi,jpj = Bym,. (9-3)

0<j<m

For all ¢, j, the summand Fj ;p; has degree less than D;4N;—1, so the left-hand term above
has degree less than §;. Since m; has degree D;, this implies that whenever a polynomial
B; as above exists, we must have deg(B;) < §; — D; = f — 1. Now, by substituting 1/X
for X and multiplying by X%~ we can rewrite the identity in (9.3) as

> FupXv =Tm, (9.4)

0<g<m

where Tj is the polynomial of degree less than 3 — 1 given by T; = X5~2B;(X~!). Since
the degrees of both sides of (9.4) are less than §;, one can consider the above identity
modulo X% without loss of generality, and since m;(0) = 1 one can further divide by m;
modulo X%. This shows that Eq. (9.4) is equivalent to the identity in Eq. (9.2), and the
proof is complete. n
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Following [RR00, ZGA1l|, we are going to rewrite the conditions in Eq. (9.2) as

a linear system in the coefficients of the polynomials py, ..., p,_1, eliminating the un-
knowns 7; from the outset. We first define the coefficient vector of a solution p =
[P0, - - ., Pm—1] to Problem 10 as the vector in KV*! obtained by concatenating the vectors
[pg-o),pg-l), e ,pg.Nj*l)}T of the coefficients of p;, for 0 < j < m. Furthermore, we set up
the block matrix
— DxN
H = [Hi»1]0<i<n,ogj<m ek )
whose block (i, j) is the Hankel matrix
_ [olutvty;) D; X N
HiJ - [Si,j ’ }O<U<Di,0§v<Nj ek ”
where Si(g.), Si(é), ces S,L-(g"_l) denote the d; > 1 coefficients of the polynomial S; ;.

Lemma 9.4. A nonzero vector of KN*! is in the right nullspace of H if and only if it is
the coefficient vector of a solution p = [po, . .., Pm-1] to Problem 10.

Proof. 1t is sufficient to consider a column vector p = [py,...,pm—1] that satisfies ().
Then, looking at the high-degree terms in the identities in Eq. (9.2), we see that the
condition (¢) is equivalent to the following homogeneous system of linear equations over
K: for all i in {0,...,n — 1} and all 6 in {6; — D;,...,0; — 1},

>3 s

0<j<m 0<k<N;
The matrix obtained by considering all these equations is precisely the matrix H. M

We will use the approach recalled in Section 9.1 to find a nonzero nullspace element
for H, with respect to the displacement operator A’D7 ~- To make sure that this approach
is efficient, we need to prove that the displacement rank of H with respect to Al, y is
bounded by a value o which is not too large. In addition, we also have to efficiently com-
pute a generator of length o for H, that is, a pair of matrices (V, W) € KP*® x Kox¥
such that H — ZpHZxy = VW. We will see that here, computing such a generator boils
down to computing the coefficients of the polynomials S; ;. The cost incurred by comput-
ing this generator is summarized in the following lemma; combined with Proposition 9.1
and Lemma 9.4, this proves Theorem 2.25.

Lemma 9.5. The displacement rank of H with respect to Al \ is at most m + n.
Furthermore, one can compute a corresponding generator of length m + n for H using
O((m +n)M(D)) operations in K.

Proof. We are going to exhibit two matrices V. € KP*(m+7) and W e Km+m)xN gych
that H—ZpHZy = VW. Because of the structure of H, at most n rows and m columns
of the matrix H — ZpHZy are nonzero. More precisely, only the first row and the last
column of each D; x N; block of this matrix can be nonzero. Indexing the rows (resp. the
columns) of H — ZpHZy from 0 to D — 1 (resp. from 0 to N — 1), only the n rows with
indices of the form r; = Dy +---+ D;_; fort =0,...,n — 1 can be nonzero, and only the
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m columns with indices of the form ¢; = Ng+---+ N; —1for j =0,...,m — 1 can be
nonzero.

For two integers i, K with 0 <4 < K, define ¢;x = 1[0 --- 010 --- 0]T € KEX! the
coordinate vector with 1 at position ¢, and

C(V) — [CTi,D]0<i<n c ]KDXn7
A% T mxN
C( ) — [CCJvN]O<j<m e K N
For given i in {0,...,n—1} and j in {0,...,m—1}, we will consider v, ; = [U,Ef:j)]ogk<Di in

KPPl and w; ; = [wg;)]ogk n, in K5 which are respectively the last column and the
first row of the block (7,7) in H — ZpHZy, up to a minor point: the first entry of v; ; is

set to zero. The coefficients Ui(f;) and wg;) can then be expressed in terms of the entries
HEZ»’U) = SZ»(V?—FH_W) of the Hankel matrix Hi’j = [HE;’U)]O<U<D“O<U<NJ_ as follows:
0 it k=0,
%(5) - { gEND k10 ey < g o D (9.5)
ij —Hiy Tlsr< Ly
HOM - | e < Ny 1
wi = { ; v ’ (9.6)

HON D g oY = N -1
Note that here, we use the convention that an indexed object is zero when the index is
out of the allowed bounds for this object.

Then, we define V,; and W; as

VOJ
V,=| + | eK”' and
Vin—1,j
W, =[Wio -+ Wim_1] € lezv,
and we define V/ and W' as
V'=[Vy -+ V4] € KP" and
Wy
W=| : |eK"N
anl

Now, one can easily verify that the matrices

V= [V V)] e KPxtmtn) (9.7a)
and
C(W) (m+n)xN
W = W eK (9.7b)
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are generators for H, that is, H — Z,,HZy = VW.

We notice that all we need in order to compute the generators V.and W are the last
D; + N; — 1 coefficients of 5, ;(X) = Si(g-) + Si(j-)X +t SZ-(?_I)X‘SF1 for 0 <7 <n and
0 < j <m. Now, recall that

X&*(DiJrNj*l)F, .

X Z
= J ? mod X

S@j — : mod X5i = —
m; m;

Thus, the first §; — (D; + N; — 1) coefficients of S; ; are zero, and the last D; + N; — 1
coefficients of 5; ; are the coefficients of

Sii= n_lj mod X PitNi—t, (9.8)

which can be computed in O(M(D; + N;)) operations in K by fast power series division.
By expanding products, we see that M(D; + N;) = O(M(D;) + M(NN;)). Summing the
costs, we obtain an upper bound of the form

0(2 > M(Di)—kM(Nj)),

0<i<n 0<j<m

which is in O((mM(D) + nM(XN)) using the super-linearity of M(-). Since we assumed
in Eq. (9.1) that N < D + 1, this is in O((n + m)M(D)). »

9.3 Directly computing a solution via a Toeplitz-like
system

In this section, we propose an alternative approach to Problem 10, outlined in Algo-
rithm 20 below, which leads to the same asymptotic running time as the algorithm of
the previous section, but follows a more direct solution path by avoiding the derivation
of extended key equations as in Lemma 9.3. As recalled above, our input consists of the
monic moduli 9 and the matrix F, and we look for a column vector p such that the
following conditions hold: (a) p is nonzero, (b) cdegn(p) < 0, and (¢) Fp = 0 mod 9.

In addition, for k > 0, we denote by Fz(f) and mgk) the coefficients of degree k of F; ;
and m;, respectively, and we denote by C; the companion matrix of m;; explicitly,

00 0 -m?
10 -+ 0 -—m?

C, =10 1 0 -—m? | ¢ RP>D:,
00 - 1 —m®D

In particular, if p is a polynomial of degree less than D; with coefficient vector v € KPi*!,
then the product C;v € KP*! is the coefficient vector of the polynomial Xp mod m,;.
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Algorithm 19 — SOLVECVIAHANKEL
(Small solution vector via a mosaic-Hankel system)
Input:
e positive integers n, m, Dq,...,D,_1, No, ..., Np_1,
e polynomial tuples {(m;, Fio, ..., Fjm_1) boci<n in K[X]™"* such that for
all 7, m; is monic of degree D; and deg(F; ;) < D; for all j.

Output: polynomials py, ..., pm—1 in K[X] such that (a), (b), (c).

1. Compute the coefficients Si(:;ﬁr) forr < D;+N;—1,i<n,and j <m;
that is, the coefficients of S}, as defined in Eq. (9.8)

2. v;; and w;;, for i < n and j < m < as defined in Eq. (9.5) and
Eq. (9.6)

3. ri Do+ + Dy fori<n;cj < No+---+N; —1forj<m
4. V and W < generators as defined in Eq. (9.7)

5. Run the algorithm of Proposition 9.1 with input V and W3 if there is
no solution then exit with no solution, otherwise retrieve the coefficients
of the ouput as polynomials py, . .., pm_1

6. Return p = [p;]; € K[X]|™*!

We are going to see that solving Problem 10 is equivalent to finding a nonzero solution
to a homogeneous linear system whose matrix is T = [T; j]o<i<no<j<m € KP*V, where for
i <nand j<m, T;; € KP>*Ni is a matrix which depends on the coefficients of F; ; and
m;. We make the same assumption as in the previous section: N < D + 1 holds, without
loss of generality.

For 7,5 as above and for k£ € Z, let ag,kj) € KP*1 be the coefficient vector of the
polynomial X*F; ; mod m;, so that these vectors are given by

FO
Z?]
agg) = : and o
(Di—1)
Y]

(h+1) _ o o (B)

i T %y

Let then T = [T, j]o<i<no<j<m € KP*N(T;;), where for every i < n and j < m, the block
T, ; € KP*Ni is defined by

|0 (N;—1)
Tz,] - |:az,] cee Oéi’jj

Lemma 9.6. A nonzero vector of KN*! is in the right nullspace of T if and only if it is
the coefficient vector of a solution p = [p;|; to Problem 10.

Proof. By definition T, ; is the D; x N; matrix of the mapping p — F; ;p mod m,, for p
in K[X] of degree less than N;. Thus, if p satisfies the degree constraint in the condition
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(b), by applying T to the coefficient vector of this p we obtain the coefficients of the
remainders Z(K jem Fijp; mod m; fori = 0,...,n — 1. The claimed equivalence follows
immediately. n

The following lemma shows that T possesses a Toeplitz-like structure, with displace-
ment rank at most m + n.

Lemma 9.7. The displacement rank of T with respect to Apn is at most m + n.
Furthermore, one can compute a corresponding generator of length m + n for T using

O((m +n)M(D)) operations in K.

Proof. We begin by giving two matrices P € KP*("+™) and Q € K®™+™*N guch that
Ap n(T) is equal to the product PQ. Define first the matrix

C, 0 --- 0
C= 0 G 0 e KPxP,
0O 0 --- C,,

Up to n columns, C coincides with Zp; we make this explicit as follows. For 0 <7 < n,
we define

m®
v, = : € KPPt (9.9a)
(Di—1)
m;

0 -

0 0
V, = Vl e KP*!, W, = (1) e KP*P, (9.9b)

0 0

1 0 u

where the last entry of v; in V; and the coefficient 1 in W, have the same index, namely
Do+ ---+ D; — 1. (Hence the last vector V,,_; only contains V,,_;, without a 1 after it.)
Then, defining V= [V -+ V,,_ 1] e KP*" and W = [Wj --- W, ;] € KP*" we obtain

C=Zp—-VW] - —V,_ W' =7, - VW',

As before, we use the convention that an indexed object is zero when the index is out of
the allowed bounds for this object. For 0 < j < m, let us further define

0 (N;_1)
aé,])' 040,]']—11
V) = : — : e KPx! (9.10a)
0 N;_
O‘ﬁz—)l,j 0451—31,;11
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9.3. Directly computing a solution via a Toeplitz-like system

and

W, = 1| e KM, (9.10D)

0

with the coefficient 1 in W; at index Ny + - -+ + N;_1, and the compound matrices

V' =[Vy - V] e KPP
W' =[W, -« W, _ ] e KV
Then, we claim that the matrices
M=[-V V/]eKPmm (9.11a)
and S——
N = {WWT,TZN} € Kimtn)xN (9.11b)

are generators for T for the Toeplitz-like displacement structure, that is,
T - ZpTZ}, = MN.
By construction, we have CT = (P, ;)i<n j<m € KP*V with the block P; ; being given by

P,; =CT;; = Ozgj) agjfl) aggj)] € KP>N;

As a consequence, T — CTZT = V/'W'T | o finally we get, as claimed,

T-ZpTZ, =T~ (C+VWNHTZ}
=T -CTZ, - VW'TZ},
— VW' —VWTAZ]
= MN.

To compute Y and Z, the only non-trivial steps are those giving V' and WTT. For
the former, we have to compute the coefficients of X"/ F; ; mod m; for every i < n and
j <m—1. For fixed ¢ and j, this can be done using fast Euclidean division in O(M(D; +
Nj)) operations in K, which is in O(M(D;) + M(XV;)). Summing over the indices i < n
and j < m — 1, this gives a total cost of O(mM(D) + nM(N)) operations. This is in
O((n +m)M(D)), since by assumption N < D + 1.

Finally, we show that WTT can be computed using O((n+m)M(D)) operations as well.
Computing this matrix amounts to computing the rows of T of indices Do+ ---+ D; — 1,
for © < n. By construction of T, this means that we want to compute the coefficients of
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Chapter 9. Computing a solution via structured linear algebra

degree D; — 1 of X*F;; mod m; for k = 0,...,N; — 1 and for all 4,j. Unfortunately, the
naive approach leads to a cost proportional to DN operations, which is not acceptable.
However, for ¢ and j fixed, Lemma 9.8 below shows how to do this computation using
only O(M(D;) + M(N;)) operations, which leads to the announced cost by summing over
i and 7. M

Together with Proposition 9.1 and Lemma 9.6, this result completes our second proof
of Theorem 2.25, and leads to following Algorithm 20.

Algorithm 20 — SOLVECVIATOEPLITZ
(Small solution vector via a Toeplitz-like system)

[nput:
e positive integers n, m, Dq,..., Dy 1, No,..., Np_1,
e polynomial tuples {(m;, F, ..., Fjm—1) bocicn in K[X]™*! such that for
all 4, m; is monic of degree D; and deg(F; ;) < D; for all j.

Output: polynomials py, ..., pm—1 in K[X] such that (a), (b), (c).

v; and V;, for i < n < as defined in Eq. (9.9); V< [V -+ V,,_4]
W, for j < m < as defined in Eq. (9.10); W’ < [W{ --- W ]

(NN,
Qi

Vi, for j <n < as defined in Eq. (9.10); V' < [V{ --- V] ]
WTT « for each i < n, its row of index i is the row of index Dy +- - -+

D; — 1 of T, that is, the coefficients of degree D; — 1 of Xka mod m;
for k < N; and j < m (see Lemma 9.8 for fast computation)

M and N < generators as defined in Eq. (9.11)

7. Run the algorithm of Proposition 9.1 with input M and N
~~ if there is no solution then exit with no solution, otherwise retrieve
the coefficients of the output as polynomials py, ..., pm_1

8. Return p = [p;]; € K[X]|™*!

), for i <n,j <m— 1+ the coefficients of X"/ F; ; mod m;

AN O

*

Lemma 9.8. Let m € K[X] be monic of degree D, let F' € K[X] be of degree less than
D, and for i > 0 let ¢; denote the coefficient of degree D — 1 of X*F mod m. Then, for
d > 1 one can compute cy, . .., cq_1 using O(M(D) + M(d)) operations in K.

Proof. Writing F' = >, f; X7 we have X*F mod m = 37, f;(X"*/ mod m). Hence
c; = ZO<j<D fibitj, with b; denoting the coefficient of degree D — 1 of X* mod m. Since
bp =---=bp_o=0and bp_; =1, we can deduce cg,...,cq_1 from bp_1,bp,...,bpiqg_o
in time O(M(d)) by multiplication by the lower triangular Toeplitz matrix [fpy;—i—1];; of
order d — 1.

Thus, we are left with the question of computing the d — 1 coefficients bp, ..., bpiq_o.
Writing m as m = XP + ZO<J‘<D p; X7 and using the fact that X'm mod m = 0 for all
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9.3. Directly computing a solution via a Toeplitz-like system

i > 0, we see that the b; are generated by a linear recurrence of order D with constant
coefficients:
bisp+ Y pibiy; =0 foralli>0.

0<j<D

Consequently, bp, ..., bpyqs_o can be deduced from by, ...,bp_1 in time O(%M(D)), which
is in O(M(D) +M(d)), by [45}] calls to Shoup’s algorithm for extending a linearly recur-
rent sequence [Sho91, Theorem 3.1]. )
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10

Coppersmith technique over the
univariate polynomials

In this chapter, we reduce the interpolation step of the Coppersmith technique over the
univariate polynomials (Problem 14) to a system of linear modular equation (Problem 9).
Following the original Coppersmith technique over Z [Cop96|, we first present the solution
based on row reduction, from [CH15]; it uses O"(\*uv) field operations. Our reduction to
Problem 9, for which we gave fast algorithms in both preceding Chapters 8 and 9, leads
to a faster solution. Precisely, we will prove the following result, which uses notation from
Section 3.1.5.

Proposition 10.1. Problem 14 can be solved using O~ (\*~1u*vd) operations in K.

In both the approaches of [CH15| and ours, the list-size parameter \ is used to identify
the sought @ € K[X][Y] of Y-degree at most A with the vector [Qg, @1, ..., Q] such that
Q= Qo+Q1Y +---+Q,\Y?. This is a linearization of the problem with respect to the vari-
able Y: instead of considering bivariate polynomials, we will work with K[X]-submodules
of K[X]*?!, allowing us to benefit from the tools available for these submodules.

10.1 The approach based on row reduction

The strategy here is to first build a known basis of the module of all [Qy -+ @,] such
that () belongs to the ideal Z. Then, the degree constraint on () will be satisfied through
the computation of a shifted reduced form of this basis, with the shift being induced by
the weight w in Problem 14.

Building the basis. This construction, detailed in [CH11], is analogous to a construc-
tion encountered in Howgrave-Graham’s version of the Coppersmith technique over the
integers [HGO1]. The same construction was used in algorithms based on row reduction
for the Guruswami-Sudan algorithm [Ale02, Rei03, LO08, BB10, Berl11].

The condition that @ belongs to the ideal Z = (F, M)*  with the degree constraint
degy (Q) < A, is equivalent to having @) in the K[X]-module generated by the basis

E = {MYFF i<k <did+k <Ay U {YRPR k<N — ud}. (10.1)
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Chapter 10. Coppersmith technique over the univariate polynomials

This basis is represented as a matrix B € K[X]*+D*O+1) which is shown in Fig. 10.1. We
observe that B inherits some structure from the bivariate nature of the original problem:
this is however not exploited by the fastest known algorithms.

ud

A+1

A+1—pud

(i +1)d
Figure 10.1: The basis B of the K[X]-module, represented as a square (A + 1) x (A + 1)
polynomial matrix. Each T; is a trapezoidal Toeplitz block with the shape given above,
where [T}, ..., T;ia] is the vector of the coefficients in X of M*~*F(Y)". The last block
T, is formed by the upper d rows of T},, where d = (A + 1) rem d.

This matrix B is lower triangular with diagonal entries

M*F MMM MY M, M,
~ ~~ - ~~ - ~~ JW_/
d d d M-1—pd

To obtain the polynomials in &£, it is enough to compute M* M*1F, ... MFr-L Fh
this can be done using a total of O™ (u’vd) operations in K.
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The entries of B can be computed modulo M* (except for the top-left entry which is
M*# itself) without loss of generality. Thus, the maximum degree of the entries of B is
pv, and the dense representation of B uses O(Au?vd) elements from K, a bound that is
reached generically.

Note that, in this bound, we use the fact that on each row of B, there are at most pv
nonzero entries. Yet, currently known fast reduction algorithms will ignore this banded
shape of B: it is considered as an (A + 1) x (A + 1) matrix of degree puv. Such a matrix
has size O(A\?uv), which is beyond our target cost O~(A\“~!u?vd).

Reducing the basis. To solve Problem 14, we will then compute a shifted reduced
form of B. In order to reflect the constraint degy(Q(X"Y)) < ut, we choose the shift
s = (0,w, ..., A\w). Since the fastest known O-reduction algorithms are designed for the
uniform shift [GJV03, GSSV12|, we take s into account by computing a 0-reduced form
of BX®. We have seen that the largest degree of the entries of B is puv = deg(M*").
Multiplying the columns of B by the powers 1, X%, ..., X does not impact this bound:
since we have A\w < put < pv by choice of the parameters, then the degree of the new
matrix BX® remains in O(uv).

Then, using one of the algorithms in [GJV03, GSSV12|, we find a 0-reduced form of
BX?® using O"(A“uv) operations in K. Since row reduction operates with left-unimodular
operations, this reduced form still has X® as a right factor, and can be written PX5.
Having the latter matrix 0-reduced means that P is s-reduced, and therefore P is a s-
reduced form of B. Then, among the rows of P, it is guaranteed that there is one with
minimal s-degree. Writing it [Qo -+ Q,], it corresponds to Q = Qo+ Q1Y +- - +Q\Y*
that solves Problem 14 (unless no solution exists, in which case either t* < wvd or the
parameters g and A have not been chosen properly).

Besides, it is known that such a row with minimal degree satisfies

: deg(det(BX*))
. Jw <
52% deg(Q; X7") < 1 ;

that is,

AN+ Dw + Lp(p+ 1)vd
A+1 '
Thus, to ensure the existence of a solution, we require that

deg(Q(X"Y)) < 2

XA+ Dw + Sp(p+ 1)vd
A+1 ’

ut >
which is equivalent to Eq. (3.5).

Remarks. Here, the problem is not exactly the one of finding a reduced basis, but rather
of finding a vector of sufficiently small degree in the module. First, the degree bound is
so that we are close to looking for a vector of minimal degree in the module. Second, to
the best of our knowledge, it is currently unknown whether and how one could compute
a single vector of minimal degree faster than by computing a whole reduced basis, except
in very specific situations.
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Chapter 10. Coppersmith technique over the univariate polynomials

Besides, one may rather want to build the basis which is in Hermite form, that is,
with the shape [:{ ﬂ with T the principal pud x pud submatrix of B. Then, since the
first pud columns of this matrix have degree at most pr and its remaining columns are
constant, the average of its column degrees is p?vd/(A+1). This fact may be exploited to
obtain more efficiently the reduced basis, or a vector of sufficiently small degree, relying
on some partial linearization techniques to make the column degrees more uniform. Such
techniques, in the context of row reduction, are presented in Section 15.2.

We note in particular that our shifted Popov form algorithm in Section 3.2.2 and Chap-
ter 15 computes the sought reduced form in O7(A“"!u2vd) operations, by taking this
average column degree into account. However, it would start by the probabilistic compu-
tation of the Smith form of B and of a corresponding right-multiplier, in order to set up a
system of linear modular equations. In the next section, we exploit the particularities of
the considered module to circumvent the Smith form computation, and to rather directly
construct the system of modular equations that describes the module.

10.2 Reducing to a system of linear modular equations

In this section, we present a reduction of the interpolation step Problem 14 to a system
of linear modular equations Problem 9. Fast algorithms for such systems were presented
in Section 2.5 and Chapter 8.

10.2.1 Introduction: the specific case d =1

Here, we first present this reduction in a simple case, but nonetheless important: when
d = deg(F') = 1, which includes the Guruswami-Sudan algorithm. Although we follow a
different presentation, to ease the transition to the general case in the next subsection, the
material here is close to the derivation of extended key equations in [RR00, ZGA11, Zeh13)|
(see also Section 11.1).

In what follows, we write FF = Y — L for some L € K[X] of degree less than v.
Assuming that g = 1, the reduction is as follows: we have Q € Z = (Y — L, M) if
and only if Q(L) = 0 mod M, which is rewritten as the single linear modular equation
Qo+Q1L+---+QyL* = 0mod M (such an equation was used in [RR00| to speed-up the
Sudan algorithm). Now, when p > 1, this was generalized in [ZGA11, Proposition 3| using
the notion of Hasse derivative: roughly, Q@ € Z = (Y — L, M)* if and only if some type
of derivatives of Q(Y) at order 0, ..., — 1 vanish at L modulo M*, ... M, respectively.
We refer to these references and to Section 11.1 for more details on this point of view.

Here, we study the latter property involving derivatives, reformulated as a change of
basis which can be computed via some Taylor expansions. We are looking for @) € K[X][Y]
which belongs to the ideal Z of K[X][Y] generated by

M* MP Y Y —L),...,M(Y — L)* 1 (Y — L)*.
This is equivalent to

Q = QoM" + QM"Y — L)+ + Qs M(Y — L)* ' + Q(Y)(Y — L)*
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10.2. Reducing to a system of linear modular equations

for some @0, o ,@u,l € K[X] and some @ € K[X][Y]. Adding the constraint deg(Q) < A,
this is equivalent to @ belonging to the module M = Z N K[X][Y]<, of dimension A + 1
with basis

E = {M" M"YNY —L),..., MY — L' (Y =L, Y(Y = L) ..., Y "Y — L)*}.

In order to transform this property of belonging to M into a property of satisfying
modular equations, one first rewrites Q = Qp + - - - + Q, Y in the basis

g ={1,Y—L,....(Y =LY -L"YY -L". ... YYHY —L"}
of K[X][Y]<», that is,
Q=00+ (Y —L)+-+Qua(Y = L+ Q(V)(Y — L)"

for some Qy, . . . >@u—1 € K[X] and some Q € K[X][Y] of degree at most A— . We remark
that the coefficients @); of ) written in £ are unique: ensuring that () is in M is thus
equivalent to ensuring the modular equations

M* divides Q; for i < pu. (10.2)

This is the linear system of modular equations over K[X] that we are going to focus on.
It remains to show that we can compute the Q;’s efficiently as K[X]-linear combinations
of the unknown @);’s.

In the case here with F' = Y — L, the computation of the @i’s is straightforward
since explicit formula are known for the change of basis from {1,Y,..., Y*} to £, namely
thanks to the Taylor formula

Q=) QY —-L+Ly =) (Z (Z) Qiji) (Y —L).

F<A i<\ jzi

This gives a formula for the coefficients [@,]Z of @ in the basis £, as linear combinations
with explicit coefficients in K[X] of the coefficients [();]; in the basis £; namely,

. ‘ AN
3= 5 with fy=(])e
J<A
We have f;; =0 for i > j and f;; = 1. From the divisibility conditions in Eq. (10.2), we
thus obtain the system of linear modular equations

Zfij@j = 0mod M** for i< p.

<A

In particular, due to the nature of these equations, the coefficients f;;’s can be computed
modulo M* without loss of generality.

This set of equations, along with the degree constraints on the coefficients (); given by
the second condition in Problem 14, precisely gives us an instance of Problem 10, which
can also be tackled by choosing the shift s mentioned above and considering Problem 9.
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Chapter 10. Coppersmith technique over the univariate polynomials

10.2.2 The general case d > 1

For F =Y — L, the reduction presented above can be summarized as follows: first, decom-
pose @ in the basis {1, F, ..., F* ) YF,... , YA *Fr} of K[X][Y]<y, and second, express the
fact that the coefficients in this decomposition must vanish modulo some powers of M,
so that @ is actually in the module generated by {M*, M*—'F, ... MF*=! F#}. In this
section, we extend this reduction to the general case d > 1.

Eq. (10.1) suggests that the change of basis is now from the basis {1,Y,...,Y*} of
K[X][Y]<a to its basis

E = {Y'F' k<dji<p} U{Y*Fr E< -l

In this more general context, we will not rely on an explicit formula for the coefficients
[Qi]; of @ in £'. Rather, we will express them as linear combinations of [@;];, and show

that the coefficients in these combinations can be computed efficiently. Let us make this
more precise by properly defining the problem we are faced with (Problem 17).

Problem 17 — Change of basis

Input:
e M € K[X] of degree v,
e F e K[X][Y] monic of degree d with coefficients in K[X]| of degree < v,
e )\ 4 positive integers,

Output:
o bol 1 (k) o .
polynomials {f;;” € K[X]/(M*), i < p,j < A\, k < d} such that for
each j < A\, the vector [f(k)]zk gives the first ud coefficients in the

decomposition of Y7 in the basis £

Y = Z ng“)YkFi + f;F* for some f; € K[X]/(M"[Y]. (10.3)

<p k<d

Before working on solving Problem 17 efficiently, we explain our interest in this prob-
lem: its solution helps us to rewrite the fact that ) belongs to the ideal Z into a set of
divisibility properties involving the coefficients Q; for ¢ < u. These divisibility properties
give us the approximation equations we are looking for.

Lemma 10.2. Let Q = Qo+ Q1Y +---+Q,\Y* in K[X]/(M*)[Y]. Then, the polynomials

Qo, Q1. .., Quor defined for all i < 1o by Qs = Y2y >,y [Q,Y* satisfy
Q:@0+@1F+'“+@u71F”_1+©F“

in K[X]/(MH)[Y], for some Q € K[X]/(M")[Y].

Besides, Q is in the ideal I generated by {M*, M+1F, ... . MEF*=1 F*} if and only if
for every i < p and k < d, M** divides ng). Equivalently, writing ng) = ZK/\ fi(f)Qj
foralli < p and k < d, then QQ satisfies the system of linear modular equations

Z fi(f)Qj = 0mod M* " foralli <y and k < d.

J<A
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We note that here we are working modulo M*. This is sufficient for our purpose, since
all approximation equations we are going to focus on are modulo powers of M which
do not exceed p. Besides, this helps us to keep control of the size of all elements of
K[X] that we manipulate. In the rest of this section, we show how to solve Problem 17
efficiently, namely in a cost bound that is quasi-linear in the number of field elements
used to represent the output {fi(f), i< p,j<ANk<d}

Proposition 10.3 (Change of basis). Problem 17 can be solved using O™ (Au?vd) opera-
tions in K.

Remark 10.4. Our goal is to apply this change of basis to solve Problem 14. In this
context, the coefficients @);’s of ) are unknowns: this is why we focus on computing the
coefficients fi(f)’s of the linear combinations @Z In the case where the );’s are known,
one may directly compute the @i’s as well as Q\ using O (Auv) operations in K.
Furthermore, here we are not interested in computing the polynomial @ in Lemma 10.2,
although Algorithm 22 could be adapted to include this computation. One reason is that
the mere representation of all coefficients fi(f), if also computing @, uses O"(\2uv) field

L

elements, which is beyond our target cost bound O7(A\“~!y?vd) for solving Problem 14. @

We will use the definition of the sought coefficients fi(f) to compute them incrementally
for j € {0,...,\}, using the relations between the decomposition of Y7 and Y7t =Y -Y7.
Thus, we first focus on how to use the knowledge of the decomposition of some P &
K[X]/(M*)[Y]<puq in £ to compute the decomposition of Y P in &£’

Lemma 10.5. Write F = Fy+---+ F;_ Y31+ Y with the coefficients Fy, F, ..., Fy_4
of degree less than v. Let P € K[X]/(M")[Y] of degree less than pd with coefficients
P® e K[X]/(M") in &, that is,

P =YY PYytF.

<p k<d
Then, Algorithm 21 computes {gi(k), i < p,k<d} in KIX]/(M") such that
YP =Y > gPYEF 4+ gF* for some § € K[X]/(M") (10.4)
<p k<d
using O™ (pu?vd) operations in K.
Proof. Using Y =F — Fy — F}Y —--- — F;_1Y%! we have
YP — Z Pz'(d_l)Yd + Z Pi(k’—l)ykz> Fi
<p 0<k<d
— Z Pi(d—l)(F —Fy— - — Fd_lyd—l) + Z Pi(k;—l)Yk) Jad
i<p 0<k<d
— Z _FOPZ‘(d_l) + Z (Pz‘(k_l) . FkPi(d_l))Yk> FZ'
i<p 0<k<d

+ Z Pi(:ll—l)Fz‘ 4 Pﬁ_ll)F“,

0<i<p
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which gives the correctness of Algorithm 21. Now, for each i < p and k < d the compu-
tation of gi(k) involves one subtraction and one multiplication in K[X]/(M*#"). Altogether
Step 1 to Step 3 do at most ud subtractions and ud multiplications in K[X|/(M*#), which
can be done using O (u*vd) operations in K. »

Algorithm 21 — CHANGEBASISONESTEP
(Change of basis in Coppersmith: from P to Y P)
[nput:
e M € K[X] of degree v,
F=F+ -+ F_ YT 4+ Y9 in K[X][Y] with deg(F},) < v for all k,
positive integer u,

P =3 Shea PYIE in KX/ (MP)[Y].

Output: {ggk), i < p,k <d}in K[X]/(M") such that Eq. (10.4).

Z(0) « pi(i*l) _ FOPZ.(dfl) forO0<i<p

2. ¢« PV P for0< k< d0<i<p
3. Return {¢\", i < pu, k < d}

1. ¢ —RP* Y g

We now have all the tools to give our main algorithm, which proves Proposition 10.3.

Proof (Proposition 10.3). Algorithm 22 finds the polynomials {fi(f),j <A< p, k< d},

starting from the Fo(zk )’s that are known and using A calls to Algorithm 21. Its cost is thus
bounded by O (Au?vd), and its correctness follows from that of Algorithm 21. M
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10.2. Reducing to a system of linear modular equations

Algorithm 22 — CHANGEBASIS
(Change of basis in Coppersmith technique)

Input:
e M € K[X] of degree v,

e [ € K[X][Y] monic of degree d with coeflicients of degree less than v,
e positive integers p, A.

Output: {fi(f),j <A i< p, k <d} in K[X]/(M*) as in Eq. (10.3) for j < \.

1. SetFo(g)<—1andFO(f)eOfori>Oork>0
2. For j from 1 to A do

a. Define P = ZKM Y k<d FJ.(E)LZ-Y’IC
b. {fi(k) i < p,k < d} < Algorithm 21 on input M, F, u, P

7

3. Return {fi(f) J<Ni<pk<d}

223



Chapter 10. Coppersmith technique over the univariate polynomials

224



Part 1V

Interpolant bases and multivariate
interpolation
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11

Multivariate interpolation and
list-decoding

In this chapter, we tackle the first of our two problems of multivariate interpolation (Prob-
lem 11). It essentially asks to compute a single multivariate interpolant with prescribed
multiplicities and degree constraints, under the assumption that the X-coordinates of the
points are pairwise distinct.

We start by reducing this problem to a system of linear modular equation; the as-
sumption on the points ensures that the number of polynomial equations is at most the
number of unknowns. In this situation, we can rely on our results exposed above (The-
orems 2.22 and 2.25) to find the sought interpolant efficiently. Then, we give details of
consequences on list-decoding algorithms for Reed-Solomon codes: we discuss the original
Guruswami-Sudan algorithm, the Wu algorithm, and the use of the re-encoding technique
in combination with our algorithms.

After this, we observe that the assumption on the points is not satisfied in the context
of the soft-decoding of Reed-Solomon codes. This implies that the system of modular
equations obtained after reduction may involve significantly more equations than un-
knowns, a case that our results do not cover with the target efficiency.

This is one of our motivations for studying interpolant bases, in Chapters 12 to 14.
We recall that interpolant bases correspond to systems of modular equations where we
know the roots and multiplicities of the moduli: in this case, our results do not involve
any requirement on these roots (Theorems 2.19 and 2.20).

11.1 Reducing Problem 11 to Problem 10

In this section, we show how instances of Problem 11 can be reduced to instances of Prob-
lem 10; Algorithm 23 gives an overview of this reduction. The main technical ingredient,
stated in Lemma 11.2 below, generalizes to any 7 > 1 and (possibly) distinct multiplicities
the result given for r = 1 by Zeh, Gentner, and Augot in [ZGA1l, Proposition 3|. To
prove it, we use the same steps as in [ZGA11]; we rely on the notion of Hasse derivatives,
which allows us to write Taylor expansions in positive characteristic (see Hasse [Has36]
or Roth [Rot07, pp. 87, 276]).
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Chapter 11. Multivariate interpolation and list-decoding

For better readability, in what follows we use italicized boldface letters to denote r-
tuples of objects that are related to Y variables: Y* =Y/*--- Y w = (wy,...,w,), etc.
In the special case of r-tuples of integers, we also write |w| = w;y+- - -+w,. Comparison and
addition of multi-indices in ZZ, are defined componentwise. For example, writing ¢ < j is
equivalent to having iy < ji, ..., < j, simultaneously, ¢ — j denotes (i; — j1, ..., — j.),
and for @ = (ay,...,a,) € K[X]" welet (Y —a)® = (Y} —a;)" - (Y, —a,)". Besides, for
products of binomial coefficients, we use the notation

j _ jl L jr .
i i i)’
note that this integer is zero when ¢ £ j.
If R is any commutative ring with unity and R[Y’] denotes the ring of polynomials in

Yi,...,Y, over R, then for a polynomial Q(Y) = 3, Q;Y7 € R[Y] and a multi-index &
in Z%,, the order-i Hasse derivative of @ is the polynomial Q! in R[Y] defined by

=% (T)axr

Jj=i

The Hasse derivative satisfies the following property (Taylor expansion): for all @ in R",

QYY) =) Q%a)(Y - a)"

(3

The next lemma shows how Hasse derivatives help rephrase the vanishing condition (%ii)
of Problem 11 for one of the points {(zx, Yr) 1<r<w-

Lemma 11.1. Let (z,y1,...,y,) be a point in K™ and L = (Ly,...,L,) € K[X]" be
such that Lj(x) =y, for 1 < j <. Then, for any polynomial Q) in K[X,Y], Q(z,y) =0
with multiplicity at least pu if and only if for all © in ZL, such that |3 < p,

QE(X,L) = 0mod (X — z)* 1,

Proof. Up to a shift, one can assume that the point is (z,y1,...,v.) = (0,0); in other
words, it suffices to show that for L(0) = 0 € K", we have Q(0,0) = 0 with multiplicity
at least y if and only if, for all ¢ in ZZ, such that || < g, X*~ I divides Q(X, L).

Assume first that (0,0) € K™ is a root of @ of multiplicity at least pu. Then,
QX,Y)=> j Q;Y7 has only monomials of total degree at least y, so that for j > , each
nonzero ;Y37 has only monomials of total degree at least u — |¢]. Now, L(0) =0 € K"
implies that X divides each component of L. Consequently, X* 1% divides Q; LI for
each j >4, and thus QU/(X, L) as well.

Conversely, let us assume that for all ¢ in ZZ, such that |¢] < p, X*7I divides
Q(X, L), and show that @ has no monomial of total degree less than . Writing the
Taylor expansion of @) with K[X] = K[X] and a = L, we obtain

QX.Y) = Y QX L)Y - L)',
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11.1. Reducing Problem 11 to Problem 10

Each component of L being a multiple of X, we deduce that for the multi-indices ¢ such
that |i| > p every nonzero monomial in QU (X, L)(Y — L)? has total degree at least
p. Using our assumption, the same conclusion follows for the multi-indices such that
2] < p. »

Thus, for each of the points {(xy, yx)}1<k<, in Problem 11, such a rewriting of the
vanishing condition (%ii) for this point holds. Now the fact that the x; are distinct in-
tervenes: the polynomials (X — z,)* and (X — z,)° are coprime for u # v, so that
simultaneous divisibility by both those polynomials is equivalent to divisibility by their
product (X — x,)%(X — z,)?. Using the r-tuple L = (L4,...,L,) € K[X]" of Lagrange
interpolation polynomials, defined by the conditions

deg(L;) <v and Lj(z;) =vy;; for 1<i<wv and 1<j<r, (11.1)

we can then combine Lemma 11.1 for all points so as to rewrite the vanishing condition
of Problem 11 as a set of modular equations in K[X] as in Lemma 11.2 below. In what
follows, we use the notation from Problem 11 and Corollary 3.1.

Lemma 11.2. For any polynomial Q in K[X,Y], Q satisfies the condition (iii) of Prob-
lem 11 if and only if for all © in Z%, such that |i| < p,

Q[i](X, L)=0 mod H (X — xk)uwlil_

1<k<y:

B>
Proof. This result follows from Lemma 11.1 since the z; are pairwise distinct. n
Note that when all multiplicities are equal, that is, u = py = -+ = p,,, for every |i|

the modulus takes the simpler form M*~F where M = [T, (X — ).
Writing 5 - w = jiw; + - - - + jsw,, recall from the statement of Corollary 3.1 that S is
the set of all j in Z2 such that |j| < A and j-w < b. Then, defining the positive integers

for all 7 in S, we immediately obtain the following reformulation of the list-size and
weighted-degree conditions of our interpolation problem:

Lemma 11.3. For any polynomial Q in K[X, Y], Q satisfies the conditions (i) and (ii)
of Problem 11 if and only if it has the form

QX Y) =Y Q;(X)Y? with deg(Q;) < Nj.
Jjes
For 4 € Z, with |[i| < p and j € S, let us now define the polynomials m;, F; ; € K[X]

my= [ (X — )t (11.2a)

1<k<y:
i >8]
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Chapter 11. Multivariate interpolation and list-decoding

and

F@j = (J>L‘7_z mod m;. (112b)
2

It then follows from Lemmas 11.2 and 11.3 that @ € K[X, Y] satisfies the conditions
(i), (ir), and (iii) of Problem 11 if and only if @ = > Q;Y7 for some polynomials
Q; € K[X] such that

o deg(Q;) < Nj for all j in S,
° ZjGS Fi,ij = 0 mod m; for all |7,| < W

Let now D; be the positive integers given by

Di= > (m—ld),

1<k<y: pg>|1|

for all |Z| < p. Since the m; are monic polynomials of degree D; and since deg F; ; < D;,
the latter conditions express the problem of finding such a () as an instance of Problem 10.
In order to make the reduction completely explicit, define further

D =) D,

[i]<p

—1
n= (S—H; ), m = Card(S), p = max(n, m);

then choose arbitrary orders on the sets of indices {7 € Z%, | |#| < pu} and S, that is,
bijections
¢:{0,...,n =1} = {s € Zy | |¢| < p} (11.3a)

and
Y :{0,...,m—1} = S; (11.3b)

finally, for i in {0,...,n — 1} and j in {0,...,m — 1}, associate D; = Dy, N; =
Ny, m; = myiy and Fy; = Fy) ;). At this stage, we have showed that the set of
solutions to Problem 11 with input parameters r, A\, v, yi1, ..., ft,, b, w1, ..., w, and points
{(Tks Yras - - - Ukr) hr<k<w 1s exactly the set of solutions to Problem 10 with as input the
moduli (m)o<i<n, the matrix F € K[X]|™*" whose columns are [F},, Fl,, )" for
0 <@ < n, and the degree constraints Ny, ..., Ny@m—1). This proves the correctness of

Algorithm 23.

ey

Proposition 11.4. Algorithm 23 is correct and uses
O((m +n)M(D)log(D))

operations in K.

232



11.1. Reducing Problem 11 to Problem 10

Algorithm 23 — MULTIINTVIASOLVEC
(Finding multivariate interpolants as solution vectors)

Input:
. r,)\,u,,ul,. ey My in Z>07
e bhwy,...,w, in Z,
e points {(Tk, Y1, - -, Ykr) h<ker in KT with the z; pairwise distinct.

Output: an instance (9, F, N) of Problem 10, such that the set of solutions
to this instance is exactly the set of solutions to Problem 11 with parameters
the input of this algorithm.

1. Compute S = {j € Z%, | [j| < A and b—j-w > 0}, n = ("),
m = Card(S), and bijections ¢ and ¢ as in Eq. (11.3)

2. Compute D; =371 ey puspi(e — [2]) and Ny =b—j-wflor j €S

3. Compute m; and F;; for |2] < p, j € S asin Eq. (11.2)

4. Return the moduli (my())o<icn, the matrix F € K[X]™*" whose
columns are [Fi(;)y(0), - - - » Fi(i)wm—1)) " for 0 < ¢ < n, and the degree
constraints Ny oy, . . ., Ny(m—1)

Proof. The only thing left to do is the complexity analysis; more precisely, giving an upper
bound on the number of operations in K performed in Step 3.
First, we need to compute m; as in (11.2a) for every ¢ € ZZ, such that |¢| < u. This

involves only p different polynomials m;,,...,m;,_, where we have chosen any indices ;
such that |¢;| = j. We note that, defining n; = [[, 4, ,,~;(X — z3) for j < p, we have
m;,_, =n, jandm;, =m; n; for j < p—1. The polynomials ng, ..., n,_; have degree at

most v and can be computed using O(uM(v)log(v)) operations in K; for p = max(m,n),
this is in O(pM(D)log(D)) since p > (") > pand D = > 1ck<y (Tﬂ‘l’c) > v. Then
My, ..., My, , can be computed iteratively using O(3;_, M(deg(m;;))) operations in K;
using the super-linearity of M(-) in Eq. (6.1), this is in O(M(D)) since deg(m;;) = Dj;
and Zj<uDij < D.

Then, we have to compute (some of) the interpolation polynomials Ly, ..., L,. Due to
Lemma 11.2; the only values of i € {1,...,r} for which L; is needed are those such that
the indeterminate Y; may actually appear in Q(X,Y) = >, s Q;(X )Y 7. The latter will
not occur unless the ith unit r-tuple (0,...,0,1,0,...,0) belongs to S. Hence, at most
Card(S) polynomials L; must be computed, each at a cost of O(M(v)log(v)) operations
in K. Overall, the cost of the interpolation step is thus in O(Card(S)M(v)log(v)) C
O(pM(D)log(D)).

Finally, we compute F;; as in (11.2b) for every ¢,j. This is done by fixing ¢ and
computing all products F;; incrementally, starting from L,,...,L,. Since we compute
modulo m;, each product takes O(M(D;)) operations in K. Summing over all j leads to a
cost of O(Card(S)M(D;)) per index ¢. Summing over all ¢ and using the super-linearity
of M(+) leads to a total cost of O(Card(S)M(D)), which is O(pM(D)). »
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Chapter 11. Multivariate interpolation and list-decoding

The reduction above is deterministic and its cost is negligible compared to the cost in
O((m + n)*~'M(D)log(D)) that follows from Theorem 2.25 with D = 3>, D; = D.
Noting that D = 3, _, Di = >, (/F), we conclude that Theorem 2.25 implies
Corollary 3.1.

11.2 Impact on decoding algorithms for Reed-Solomon
codes

In this section, we discuss Corollary 3.1 in specific contexts related to the decoding of
Reed-Solomon codes; in particular, we always have » = 1. First, we give our complexity
result in the case of list-decoding via the Guruswami-Sudan algorithm [GS99]|; then we
show how the re-encoding technique [KV03b, KMV11| can be used in our setting; then,
we discuss the interpolation step of the Wu algorithm [Wu08|; and finally we present the
application of our results to the interpolation step of the soft-decoding [KV03a]. In these
contexts of applications, we will use some of the assumptions on the parameters Hip 1,
Hint,2, Hint,3, Hint,a given in Section 3.1.1. Note that in the context of soft-decoding, the
x; in the input of Problem 11 are not necessarily pairwise distinct: we will explain how
to adapt our algorithms to this case. Besides, still in this context, the number of points
v is no longer equal to the length of the code and may actually be much larger, unlike in
hard-decision (list-)decoding.

11.2.1 Interpolation step of the Guruswami-Sudan algorithm

We study here the specific context of the interpolation step of the Guruswami-Sudan list-

decoding algorithm for Reed-Solomon codes. This interpolation step is precisely Prob-

lem 11 where we have r = 1 and we make assumptions Hint 1, Hint,2, Hint,3, Hint,a. Under

Hint 2, the set S introduced in Corollary 3.1 reduces to {j € Zzo : j < A} ={0,..., A},

so that Card(S) = A + 1. Thus, assumption H;y 1 ensures that the parameter p in that

theorem is p = A + 1; because of Hin 4 all multiplicities are equal so that we further
pw(ptl)

have D = (“ ;rl)y = =5—~v. From Corollary 3.1, we obtain the following result, which

substantiates our claimed cost bound in Section 3.1.1, Table 3.1.

Corollary 11.5. Taking r = 1, if the parameters \, v, p := puy = --- = p,, b, and
w = wy $atisfy Hine1, Hint,2, Hint,3, Hinta, then there exists a probabilistic algorithm that
computes a solution to Problem 11 using

O\ 'M(p?v) log(ur)) € O°(X*"1piv)
operations in K, with probability of success at least 1/2.

We note that the probability analysis in Corollary 3.1 is simplified in this context. In-
deed, to ensure probability of success at least 1/2, the algorithm chooses O(u%v) elements
uniformly at random in a subset of K of cardinality at least 24u?v?; if Card(K) < 24u*v?,
one can use the remarks following Corollary 3.1 in Section 3.1.1 about solving the prob-
lem over an extension of K and retrieving a solution over K. Here, the base field K
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11.2. Impact on decoding algorithms for Reed-Solomon codes

must be of cardinality at least v since the x; are pairwise distinct; then, an extension de-
gree d = O(log, (1)) suffices and the cost bound above becomes O(A\"'M(p?v) log(uv) -
M(d) log(d)). Besides, in the list-decoding of Reed-Solomon codes we have u = O(v?), so
that d = O(1) and the cost bound and probability of success in Corollary 11.5 hold for
any field K (of cardinality at least v).

11.2.2 Re-encoding technique

The re-encoding technique, introduced by Welch and Berlekamp [WB86| and later ex-
tended by Koetter and Vardy [KV03b, KMV11]|, leads to a reduction of the cost of the
interpolation step in list- and soft-decoding of Reed-Solomon codes. Here, for the sake
of clarity, we present this technique only in the context of Reed-Solomon list-decoding
via the Guruswami-Sudan algorithm, using the same notation and assumptions as in Sec-
tion 11.2.1 above: 7 = 1 and we have Hint 1, Hint,2, Hint,3, Hint,a- Under some additional
assumption on the input points in Problem 11, by means of partially pre-solving the prob-
lem one obtains an interpolation problem whose linearization has smaller dimensions. The
idea at the core of this technique is summarized in the next lemma [KV03b, Lemma 4].

Lemma 11.6. Let u be a positive integer, x be an element in K, and QQ = Zj Qi(X)Y?
be a polynomial in K[X,Y]. Then, Q(x,0) = 0 with multiplicity at least u if and only if
(X — x)"7 divides Q; for all j < p.

Proof. By definition, Q(x,0) = 0 with multiplicity at least u if and only if Q(X + z,Y)
has no monomial of total degree less than . Since Q(X +z,Y) = 3. Q;(X +2)Y7, this
is equivalent to the fact that X#~7 divides Q;(X + z) for each j < p. n

This property can be generalized to the case of several roots of the form (z,0). More
precisely, the re-encoding technique is based on a shift of the received word by a well-
chosen code word, which allows us to ensure the following assumption on the points
{(zk, yr) h1<k<y: for some integer vy > w + 1,

y1=-=9Y,=0 and y,,41#0,...,y, #0. (11.4)

We now define the polynomial My =[], ., (X — 7x) which vanishes at x; when y;, =0,
and Lemma 11.6 can be rewritten as follows: @Q(x,0) = 0 with multiplicity at least p
for 1 < k < vy if and only if M(’f_j divides @); for each j < p. Thus, we know how to
solve the vanishing condition for the 1 points for which y, = 0: by setting each of the u
polynomials Qo, ..., Q,—1 as the product of a power of M, and an unknown polynomial.
Combining this with the polynomial approximation problem corresponding to the points
{(zk, Yk) bvo+1<k<v, there remains to solve a smaller approximation problem.

Indeed, under the previously mentioned assumptions 7 = 1 and Hin.1, Hint,2, Hint,3
Hint 4, it has been shown in Section 11.1 that the vanishing condition (74i) of Problem 11
restricted to points {(xx, yr) }o+1<k<y 18 equivalent to the simultaneous polynomial ap-
proximations

Z (j.>Linj =0 mod M™" fori< p,
)

1A

235



Chapter 11. Multivariate interpolation and list-decoding

where M =[], 1<, (X — %) and L is the interpolation polynomial such that deg(L) <
v — 1y and L(zy) = yx for vy + 1 < k < v. On the other hand, we have seen that the
vanishing condition for the points {(x, i) Y1<r<w, 18 equivalent to Q; = ME™ Qj for each
J <, for some unknown polynomials @), ..., Q5 _;. Combining both equivalences, we

obtain for i < p

> F;Qi+ > FijQj =0 mod M" (11.5)
<g<p HSISA
with '
(‘7, )LHMg—j mod MF~* fori < j < p,
i
Fij = . (11.6)
<‘7,)Lj_i mod MH— for p <7 <A
i
Obviously, the degree constraints on Qo, ..., Q,—: directly correspond to degree con-
straints on (g, . . ., (5, while those on @, ..., Q) are unchanged. The number of equa-

tions obtained when linearizing Eq. (11.5) is D = >, deg(M+—) = @(V — 1),
while the number of unknowns is N = 3. (b — jw — (0 — j)o) + > c;jcr(b — jw) =
Y il —jw) — @1/0. In other words, we have reduced the number of (linear) un-

knowns as well as the number of (linear) equations by the same quantity WVO, which
is the number of linear equations used to express the vanishing condition for the 1 points
(21,0),...,(xy,,0). (Note that if we were in the more general context of possibly dis-
tinct multiplicities, we would have set y; = 0 for the vy points which have the highest
multiplicities, in order to maximize the benefit of the re-encoding technique.)

This re-encoding technique is summarized in Algorithm 24. Assuming that Step 4
is done using Algorithm 19 or Algorithm 20, we obtain the following result about the

list-decoding of Reed-Solomon codes using this technique.

Corollary 11.7. Take r = 1 and assume the parameters \, v, p = jy = -+ = [y,
b, and w = wy satisfy Hint,1, Hint2, Hint,z, and Hinga. Assume further that the points
{(zk, yx) hi<rer satisfy Eq. (11.4) for some vy > w + 1. Then there exists a probabilistic
algorithm that computes a solution to Problem 11 using

ON"IM(*(v = 1)) log(v — 1) + uM(p1) + M(vp) log (1))
C O\ (v — ) + pPre)

operations in K with probability of success at least 1/2.

Proof. For Steps 1, 2, and 3, the complexity analysis is similar to the one in the proof of
Proposition 11.4; we still note that we have to compute M, so that these steps use
OMM(p?(v — 1)) log(v — 1) + M(1p) log(vp)) operations in K. According to Theo-
rem 2.25, Step 4 uses O(N"M(p?(v — 1)) log(v — 1)?) operations in K. Step 5 uses
O(uM () +M(p?(v —1p))) operations in K. Indeed, we first compute My, . .., M}’ using
O(uM(uwp)) operations and then the products M 7Q; for j < p are computed using
O(uM(uro) + M(p?(v — 1)) operations: for each j < p, the product MY 7Q; can be
computed using O(M(urp) +M(deg(Q;))) operations since M4~ has degree at most pvy;
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Algorithm 24 — GURSUDINTREENC
(Guruswami-Sudan interpolation step with re-encoding)
Input:
o \, v, pu,b,w in Z, and satisfying Hine,1, Hint,2, Hint,3s Hint,a
e points {(zx, ¥x) }1<rey in K? with the z; pairwise distinct and the y
satisfying Eq. (11.4).

Output: Qo, ..., Q) in K[X] such that ZK/\ @;Y" is a solution to Problem 11
with input r =1, \, v, 0 = g = -+ = p,,, b,w and {(zx, yx) hr<k<w-

1. Computen = p,m =A+1,D; = (n—i)(v—1yp), Nj = b—jw—ro(pn—j)
forj<pand Nj=b—jwfor p <j<A

2. Compute M, = H1<k<uo(X —x) and m; = (Huo+1<k<u(X —xk))“_Z
for i < p
3. Compute the F;; for i <y and j < A as in Eq. (11.6)

4. Compute a solution Qq,...,Q, to Problem 10 on input n,m,
Dy, ...,Dyp_1, Ny,...,Np—1, and {(mi, Fi,o, ceey Fi,m—l)}0<i<n

5. Return M{Qo, M(’f_lQl, s MoQu—1, Qs - - ., @, or Teport “no solu-
tion” if Step 4 did

and from Algorithms 19 and 20 we know that deg(Qo) + - - - +deg(Q,u—1) < (ZKM D;)+1

(see Eq. (9.1) in Section 9.2), with here },  D; = @(1/ — ). »

Similarly to the remarks following Corollary 11.5, if Card(K) < 24u2(v — vy) then K
does not contain enough elements to ensure a probability of success at least 1/2 using our
algorithms, but one can solve the problem over an extension of degree O(1) and retrieve
a solution over K without impacting the cost bound.

11.2.3 Interpolation step in the Wu algorithm

Our goal now is to show that our algorithms can also be used to efficiently solve the
interpolation step in the Wu algorithm. In this context, we have » = 1 and we make
assumptions Hing 1, Hint,2, and Hin 4 on input parameters to Problem 11. We note that
here the weight w is no longer related to the dimension of the code; besides, we may have
w < 0.

Roughly, the Wu algorithm [Wu08| works as follows. It first uses the Berlekamp-
Massey algorithm to reduce the problem of list-decoding a Reed-Solomon code to a prob-
lem of rational reconstruction which focuses on the error locations (while the Guruswami-
Sudan algorithm directly relies on a problem of polynomial reconstruction which focuses
on the correct locations). Then, it solves this problem using an interpolation step and a
root-finding step which are very similar to the ones in the Guruswami-Sudan algorithm.
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Here we focus on the interpolation step, which differs from the one in the Guruswami-
Sudan algorithm by mainly one feature: the points {(xx, yx) }1<k<, lie in K x (KU {o0}),
that is, some y, may take the special value co. For a point (x,00), a polynomial @) in
K[X,Y] and a parameter A such that deg, (Q) < A, Wu defines in [Wu08| the vanishing
condition Q(x,00) = 0 with multiplicity at least y as the vanishing condition Q(z,0) = 0
with multiplicity at least u, where Q = Y*Q(X,Y 1) is the reversal of Q with respect
to the variable Y and the parameter \. Thus, we have the following direct adaptation of
Lemma 11.6.

Lemma 11.8. Let A, i be positive integers, x be an element in K, and () = ng/\ Q;(X)Y?
be a polynomial in K[X,Y]| with deg, (Q) < A. Then, Q(x,00) = 0 with multiplicity at
least pu if and only if (X — x)*~9 divides Qx_; for each j < pu.

As in the re-encoding technique, up to reordering the points so that y; =--- =y, =

oo and y # oo for k > v, for some v, > 0, the vanishing condition of Problem 11
restricted to the points {(z, yx) }1<k<v.. 1S equivalent to having Q\_; = MK Q3 for all

j <, for some unknown polynomials Q3 _,,,,, ..., Q% and where M, =[], (X —mp).
The degree constraints on Qx_,+1,..., @ directly correspond to degree constraints on
QX jt15 - - » @}, while those of Qq, ..., Qx-, are unchanged.

This means that in the interpolation problem we are faced with, we can deal with the
points of the form (x,00) the same way we dealt with the points of the form (z,0) in the
case of the re-encoding technique: we can pre-solve the corresponding equations efficiently,
and we are left with an approximation problem whose dimensions are smaller than if no
special attention had been paid when dealing with the points of the form (x,c0). More
precisely, let M =[], ., (X — ;) and let L be of degree less than v — v, such that
L(zg) = y for each k > vy, Define further

<‘7.)Lj‘i fori <j<A—p,
1
Fij =

7

(‘?)Lji]\/[go”“ for A —p < j <A

then we obtain the following simultaneous polynomial approximations: for ¢ < pu,
Z FijQ;+ Z F;; Q% =0 mod M"™".
I<j<A—p A—p<j<A

Pre-solving the equations for the points of the form (x,c0) has led to reduce the number
of (linear) unknowns as well as the number of (linear) equations by the same quantity

@yoo, which is the number of linear equations used to express the vanishing condition
for the vy, points (z1,00),..., (2, ,00). We have the following result.

Corollary 11.9. Take r = 1 and assume that the parameters \, v, y = p = -+ =
ty, b, and w = wy satisfy Hin1, Hinte, and Hinga. Assume further that each of the
points {(Tg, Yr) hr<k<y @5 allowed to have the special value yr = oo. Then there exists a
probabilistic algorithm that computes a solution to Problem 11 using

O\ M(p?v)log(v)) € O"(X*~pi?v)

operations in K with probability of success at least 1/2.
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As above, if Card(K) < 24p*(v — v4,) then in order to ensure a probability of success
at least 1/2 using our algorithms, one can solve the problem over an extension of degree
O(1) and retrieve a solution over K, without impacting the cost bound.

We note that unlike in the re-encoding technique where the focus was on a reduced cost
involving v — 1y, here we are not interested in writing the detailed cost involving v — v,.
The reason is that v, is expected to be close to 0 in practice. The main advantage of the
Wu algorithm over the Guruswami-Sudan algorithm is that it uses a smaller multiplicity

1, at least for practical code parameters; details about the choice of parameters p and A
in the context of the Wu algorithm can be found in [BHNW13, Section IV.C].

11.2.4 Slowdown due to repeating points in the soft-decoding

As a last application, we briefly sketch how to adapt our results, and particularly the
reduction in Section 11.1, to the context of soft-decoding. Here, we still have r = 1;
the interpolation step in the soft-decoding of Reed-Solomon codes [KV03a| differs from
Problem 11 because there is no assumption ensuring that the x; are pairwise distinct
among the points {(z, yr)}1<k<r- Regarding our algorithms, this is not a minor issue
since this assumption is at the core of the reduction in Section 11.1.

We will see that we can still rely on Problem 10 in this context. However, although
the number of linear equations ), <h<v M imposed by the vanishing condition is not
changed by the fact that several x; can be the same field element, the reduction leads
to instances of Problem 10 that are solved less efficiently than before. The reason is
that there can be significantly more polynomial equations than unknowns in the obtained
system of modular equations. In the context of our Algorithms 19 and 20, this means
that the displacement rank of the structured matrix may be much larger than if the xy
were pairwise distinct.

To measure to which extent we are far from the situation where the x; are pairwise
distinct, we use the parameter

q:maﬂécCard({kE {1,...,v} | zp=2x}) .
Te

For example, ¢ = 1 corresponds to pairwise distinct xj, while ¢ = v corresponds to
xr1 = --- = x,; we always have ¢ < v and, if K is a finite field, ¢ < Card(K)" with r = 1 in
our context here. Then, we can write the set of points P = {(xx, yx) }1<k<» as the disjoint
union of ¢ sets P = P, U --- U P, where each set Py, = {(nk, Ynk) 1<k<y, 1S such that
the x5, are pairwise distinct; we denote py,; the multiplicity associated with the point
(hk, Ynk) in the input of Problem 11. Now, the vanishing condition (74) asks that the
g vanishing conditions restricted to each P} hold simultaneously. Indeed, Q(zy,yx) = 0
with multiplicity at least py for all points (xg,yx) in P if and only if for each set Py,
Q(Zh ks Ynk) = 0 with multiplicity at least pyp y for all points (xp g, Ynx) in Ph.

We have seen in Section 11.1 how to rewrite the vanishing condition as simultaneous
polynomial approximations when the z; are pairwise distinct. This reduction extends
to this case: by simultaneously rewriting the vanishing condition for each set P, one
obtains a problem of simultaneous polynomial approximations whose solutions exactly
correspond to the solutions of the instance of (extended) Problem 11 we are considering.
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Here, we do not give details about this reduction; they can be found in [Zeh13, Section
5.1.1]. Now, let u™ be the largest multiplicity among those of the points in Py; in this
reduction to Problem 10, the number of polynomial equations we obtain is ), <h<q .
Thus, according to Theorem 2.25, for solving this instance of Problem 10, Algorithms 19
and 20 use O™ (p*~'D) operations in K, where p = max(A +1,>, ., u™) and D =

> <h<v %’“H) We see in this cost bound that the distribution of the points into disjoint
sets P = P,U- - -UP, has an impact on the number of polynomial equations in the instance
of Problem 10 we get: when choosing this distribution, multiplicities could be taken into
account in order to minimize this impact.

11.3 The approach based on row reduction

In this section, we summarize the approach for solving Problem 11 via the computation
of a reduced polynomial lattice basis; this is a generalization to several variables of the
reduction-based approach for the interpolation step of the Coppersmith technique, as
presented in Section 10.1. Our main goal here is to give details about our comparison in
Section 3.1.2 between the cost bounds for this approach and ours.

Here, » > 1 and for simplicity, we assume that w := w; = --- = w, as in the list-
decoding of folded Reed-Solomon codes. Besides, we make the assumptions Hine 1, Hint,2,
Hint,3, and Hinga as presented in the introduction. Two main lattice constructions exist
in the literature; following [Bus08, §4.5|, we present them directly in the case r > 1, and
then give the cost bound that can be obtained using polynomial lattice reduction to find
a short vector in the lattice.

Let M =[], 4, (X —a3) and Ly, ..., L, € K[X] such that deg(L;) < v and L;(x;) =
y;; for every j € {1,...,r} and i € {1,...,v}. In the first construction, the lattice is
generated by the polynomials

{MiH(Yk — L) i >0, i+ || = u}
k=1

U {Tioe- s

k=1

17l = u, |J|<A—u};

this construction may be called banded due to the shape of these generators when r = 1.
In the second construction, which may be called triangular, the lattice is generated by
the polynomials

{r T =m0, 1141 =
k=1

U {Toi -z

k=1

u<m<A}

When r = 1, the first construction is used in [BB10, Remark 16| and [LO08, CH15],

and the second one is used in [BB10, Berll|; when r > 1, the former can be found in
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[Bus08| while the latter appears in [Bral0O, CH12|. In both cases the actual lattice bases
are the coefficient vectors (in Y') of the polynomials A(X, XY}, ..., X"Y,), for h in either
of the sets above; these X* are introduced to account for the weighted-degree condition
(7) in Problem 11.

In this context, for a lattice of dimension m given by generators of degree at most
d, the algorithm in [GJV03] computes a shortest vector in the lattice in expected time
O(m“M(d) log(md)), as detailed below. For a deterministic solution, see the algorithm of
Gupta, Sarkar, Storjohann, and Valeriote [GSSV12|, whose cost is O(m*M(d)(log(m)?* +

log(d))).
For the banded basis, its dimension mp and degree dg can be taken as follows:

—_— r+pu—1 n r+pu—1\[(r+X—pu
B r r—1 r

dp = O(pv).

and

The dimension formula is given explicitly in [Bus08, p. 75|, while the degree bound is
easily obtained when assuming that the parameters u, v, b of Problem 11 satisfy b < uv;
such an assumption is not restrictive, since when b > pv the polynomial ) = M* is a
trivial solution. Then, the arithmetic cost for constructing the lattice matrix with the
given generators is (’)((“;”)2 M(/W)), which is O(m% M(uv)). Similarly, in the triangular
case,
my = (T —: )\> and dr = O(\v),

and the cost for constructing the lattice matrix is O(m2 M(\v)).

Under our assumption Hin1: ¢ < A, we always have mp = mp and dp < dp; when
r=1, we get mp=mr =X+ 1.

To bound the cost of reducing these two polynomial lattice bases, recall that the
algorithm of [GJVO03] works as follows. Given a basis of a lattice of dimension m and
degree d, if xy € K is given such that the determinant of the lattice does not vanish
at X = xg, then the basis will be reduced deterministically using O(m*M(d)log(md))
operations in K. Otherwise, such an x( is picked at random in K or, if the cardinality
Card(K) is too small to ensure success with probability at least 1/2, in a field extension
L of K. In general, L should be taken of degree O(log(md)) over K; however, here
degree 2 will suffice. Indeed, following [Berll, p. 206] we note that for the two lattice
constructions above the determinants have the special form M (X)" X% for some iy,iy €
Zso. Since M(X) = (X —a1)--- (X — z,) with 21,...,2, € K pairwise distinct, zg
can be found deterministically in time O(M(v)log(v)) as soon as Card(K) > v + 1,
by evaluating M at v + 2 arbitrary elements of K; else, Card(K) is either v or v + 1,
and zy can be found in an extension L of K of degree 2. Such an extension can be
computed with probability of success at least 1/2 in time O(log(n)) (see for example
[GG13, Section 14.9]). Then, with the algorithm of [GJV03] we obtain a reduced basis
over L[ X] using O(m*M(d) log(md)) operations in L; since the degree of L over K is O(1),
this is O(m*“M(d) log(md)) operations in K. Eventually, one can use [SS11, Theorems 13
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and 20| to transform this basis into a reduced basis over K[X] without impacting the cost
bound; or more directly, since here we are only looking for a sufficiently short vector in
the lattice, this vector can be extracted from a shortest vector in the reduced basis over
L[X]. Therefore, by applying the algorithm of [GJV03] to reduce the banded basis and
triangular basis shown above, we will always obtain a polynomial ¢) solution to Problem 11
(assuming one exists) in expected time

O(mEM(pv) log(mpur)) and  O(miyM(Av)log(mrAv)),

respectively. In the case r = 1, Hiy1 implies that these costs are O(A*M(uv)log(Av))
and O(AM(Av)log(Av)), respectively, as reported in [CH11, Berll|. For r > 1, the costs
obtained in [Bus08, Bral(| are worse, but only because the short vector algorithms used
in those references are slower than the ones we refer to; no cost bound is explicitly given
in [CH12|. The result in Corollary 3.1 is an improvement over those of both [Bus08| and

. . . . . -1
[Bral0|. To see this, remark that the cost in our theorem is quasi-linear in (”t’\)w (:j;’l‘)l/,
r+A

whereas the costs in [Bus08, Bral0] are at least ( . )wuy; a simplification proves our claim.

11.4 On assumption Hiy

In this section, we discuss the relevance of the assumption Hi, ; introduced previously
for Problem 11. In the introduction, we did not make any assumption on p = maxj<;<,
and A, but we mentioned that the assumption Hiu 1, that is, g < A is mostly harmless.
The following lemma substantiates this claim, by showing that the case u > A can be
reduced to the case p = .

Lemma 11.10. Let r, A\, v, 1, ..., p,, b, w be parameters for Problem 11, and suppose
that p > A. Define P =[], e, ion(X — z; )"~ and d = deg(P). The solutions to this
problem are the polynomials of the form QQ = Q* P with Q* a solution for the parameters
TNV My i, b — dyw, where p = X if ;> A and pl = p; otherwise.

Proof. Assume a solution exists, say @, and let Q;(X,Y) = Q(X+x;, Yi+vi1, ..., Yo +¥ir)
fori = 1,...,v. Every monomial of Q; has the form X"Y7 with h > p; — A, since |j| < )
by condition (i) and h + |§] > u; by condition (iii). Therefore, if p; > X\ then X*i=*
divides ); and, shifting back the coordinates for each 7, we deduce that P divides Q).

Let us now consider the polynomial @* = @)/P and show that it solves Problem 11 for
the parameters r, \, v, iy, ..., i, b—d, w. First, Q* clearly satisfies conditions (i) and ().
Furthermore, writing Q = 37, Q;(X)Y7 and Q* = >, Q5(X)Y7, we have Q% = Q;/P
for all 7, so that

wdeg,, (Q*) = mjax(deg(Qj) —d+wij + -+ wejy)

= Wdegw(@) —d
<b-—d,

so that condition (i) holds for @* with b replaced by b — d. Finally, Q* satisfies condition
(iii) with each p; > A replaced by pf = A: writing Q7 (X, Y) = Q*(X+z;, Yi4+vyi1, ..., Yo+
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yir) for i € {1,...,v} such that u; > A\, we have

* Qz X,Y
Qi(Xay):)(M_()\—F)i())()?

where
P(X)= [ (X+zi—an
h#i: pp >
All the monomials of Q;(X,Y)/X#~* have the form X"Y7 with h+|7| > pi— (i =) = A
and, since P;(0) # 0, the same holds for Qf(X,Y).

Conversely, let Q" be any solution to Problem 11 with parameters r, \, v, uy, ..., pl,, b—
d,w. Proceeding as in the previous paragraph, one easily verifies that the product Q" P
is a solution to Problem 11 with parameters r, \, v, y1, . .., by, b, w. n

11.5 On assumption Hiy 3

In this section, we show the relevance of the assumption “w; < v for some j € {1,...,7}”
when considering Problem 11; in particular when r = 1 or when we assume that w; =
- = w, =: w, this shows the relevance of the assumption Hi;3: 0 < w < v. More

precisely, when w; > v for every j, Lemma 11.11 below gives an explicit solution to
Problem 11.

Lemma 11.11. Let r, \,v, u, b, w be parameters for Problem 11 and suppose that w; > v

forall j € {1,...,1}. Define P = [[,c;,(X —x))" and d = deg(P) = > 1o, - 1If
b < d then this problem has no solution. Otherwise, a solution is given by the polynomial

P, considered as an element of K[ X,Y].

Proof. 1f b > d then it is easily checked that P satisfies conditions (i)-(%ii) and thus solves
Problem 11. Now, let us show that if Problem 11 admits a solution (), then b > d must
hold. Let dy = degy Q. If dy > p = max; p;, then the weighted-degree condition (ii)
gives b > wdeg,,(Q) > dy(minjw;) > pv > d. Let us then assume dy < p. Following
the proof of Lemma 11.10, we can write Q@ = P*Q* where P* = [],_;_,. m>dy(X —
z;)4i~4 for some Q* in K[X,Y] such that degy Q* = dy. Then, the weighted-degree
condition gives b > >0\ i, < q (i —dy) +wdeg,, (Q*) = D1 cicy. psay, (Wi —dy) +dyv >
2rcicr: pisdy MiF Dicicw: psay v 2 d- »
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12

Some tools for computing with
polynomial matrices

In this section, we present some tools that will be used in algorithms for interpolant bases.
In particular, we give a detailed cost analysis with logarithmic factors for the algorithms in
|[Z1.S12| for computing products of bases with unbalanced row degrees and minimal kernel
bases. To derive cost bounds, it will be convenient to use additional time functions.

12.1 More time functions for polynomial matrices

In Section 6.1, we defined time functions MM(m, d) and MM”(m, d) related to multiplica-
tion of polynomial matrices and divide-and-conquer computations splitting some degree
in two halves. In the next chapters, to simplify the cost analyses it will be convenient
to have at hand additional such functions, that we define now and which typically arise
when dealing with matrices that have non-uniform degrees and in divide-and-conquer
computations involving these. We remark that similar functions were already used, for
example in [Sto03, GJVO03].

Definition 12.1. Let m and d be two positive real numbers. Then, we define

o MM'(m,d) = Yo ciogm) 2 MM(27'm, 2id),

o MM/(1m,d) = 3 iciopim) 2" MM’ (27, 2°d),
o MV (1, d) = 5 giciogiom ZMMY(2m, 2id).

We now give some upper bounds for these quantities, since once the cost bounds
are obtained using these functions, it will also be convenient to know how these can be
estimated. The reader not interested in these technical details may of course skip this
section. (For similar bounds in the case w = 2, we refer to [JNSV17, Appendix A.)

Lemma 12.2. We have the upper bound

MM'(m,d) € O(m“ 'M(md)).
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Proof. 1t is enough to show this bound for m and d powers of 2. Using the super-linearity
Hw(.) we obtain M(27'md) < 27'M(md), hence

MM’ (m, d) = > giciopm 2 MMM(2,27'md) € (9(Zogigbg(m)Qi(w_Z)mM(md)> .

This implies the result since, using w > 2, we have 3, o,m 272 € O(m*2). n
Lemma 12.3. We have the upper bounds

MM/ (m,d) € O(m“*M(md)),
MM”(m,d) € O(m“ *M(md) + m*“M(d) log(d)).

Proof. 1t is enough to show these bounds for m and d powers of 2.
The first one is obtained from Lemma 12.2, which implies that

log(m) log(m)
> MM (27'm, 2'd) € O > 2P Im T M(md) | |
i=0 1=0

and from the fact that ), <i<log(m) 2i(2=%) is upper bounded by a constant since w > 2.
Now, we focus on the second bound. By definition,

. log(m) 'log(2id) ' ' o
MM7(m,d) e O Y 20 Y 2(27'm)*M(2'7d)

i=0 j=0

In the inner sum, j goes from 0 to log(2'd) = i +log(d): we will separately study the first
terms with j < ¢ and the remaining terms with j > i.
First, using the super-linearity property M(2=7d) < 2°/M(md)/m, we obtain

log(m) i log(m)
2> PR mME2 ) € O Y (i+ 127 m ' M(md)
i=0  j=0 i=0

€ O(m“*M(md)),

since the sum Y5, oy (7 + 1)2°7%) is less than its limit (1 — 2%7)~% when m — oo,
Then, using the super-linearity property M(2:77d) < 2°7M(d) when j > 4, we obtain

log(m) 'i—&-log(d) ' ' . log(m) '
D20 Y YRImPMERTd) < > 207 m M(d) log(d)
i=0  j=itl i=0
& O(m*M(d)log(d)),
which concludes the proof. M

In some cost analyses, we will also encounter the following quantities.
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Lemma 12.4. We have the upper bounds
2 o<i<log(d) 2'MM’(m,27%d) € O(m* *M(md) +m“M(d) log(d)),
2 o<i<log(d) 2’MM”(m,27%d) € O(m* *M(md) +m“M(d) log(d)?).
Proof. 1t is enough to show these bounds for m and d powers of 2.
Let us study the first bound. By deﬁnition,
log(d) log(d) log(m)  log(m)—j

g(m
> 2MM(m,27'd) = Z 2 Z 27 Z 2FMM (277 =k, 20+Hk=1 )
=0

log(m) o (M) Jlog(d)

=Y > D 2 MM Em, 27 ),
j=0

k=0 =0
Considering the terms with i < j + k, we use M(27*~id) < 27*%=iM(md) /m to obtain

log(m) log(m)—j j+k

g(m
Z Z 221+J+kMM 2 Jj—k ’2j+k—id)
7=0 1=

log(m) log(m)—j

co > > (+k+120HCmeM(md) |

§=0 k=0

from which we conclude, since the sum Yo o0 D ockeropim)_; ( + F + 120 g
bounded by a constant.
Now, considering the terms with i > j + k, we use M(277%7d) < 277*~'M(d) to obtain

log(m) log(m)—j log(d)

> Z ST 2HIEEMM(2 9 i, 27 q)
7=0

=0 i=j+k+1
log(m) log(m)—

col Y Z 2]*’0(” m“M(d) log(d) | ,
7=0

where again the sum on j and & is O(1) since w > 2.
Then, we study the second bound. By definition,

log(d) log(d) log(m) log(d)+j—i
> 2MM7(m,27'd) = Z 2 Z 2 )" 2PMM(27m, 2 Ha)
=0 k=0

log( log ) log(d)+7—1

> Z 2HIHEMM (27 m, 2777 k).

7=0 =0

Considering the terms with k > j — i, we use M(2971"%d) < 27-"*M(d) to obtain

log(m) log(d)  log(d)+j—t . ‘ o log(m) '
Z o> UMM TIm 2 ) e O Y 210 ImeM(d) log(d)” | ;
=0 =0 k=max(0,14+j—17) j=0
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this is O(m“M(d) log(d)?) since w > 2.
Now, considering the terms with 0 < & < j —4, and thus also ¢ < 7, the super-linearity
property yields M(277*d) < 27="*M(md)/m and therefore

log(m) j j—i log(m)
> ZQZ+J+kMM(2 Tm, 2R d) e O Y (5 + 1227 )Im T M(md)
j=0 i=0 k=0 Jj=0

This gives the conclusion, since w > 2 implies that Zbg J(G+1)22129) is in O(1).

12.2  Multiplying matrices with unbalanced row degrees

In this section, we give a detailed complexity analysis concerning the fast algorithm
from [ZLS12, Section 3.6] for the multiplication of matrices with controlled, yet possi-
bly unbalanced, row degrees. For the sake of exposition, it is recalled as Algorithm 25.
It will be a central building block in our algorithm for interpolant bases (Algorithm 28),
which computes the sought basis as the product of two interpolant bases obtained recur-
sively. It is also used for the multiplication of kernel bases that occur in the algorithm
of [ZLS12|, which we will rely on to perform a change of shift.

In order to multiply matrices with unbalanced row degrees, we use a technique based
on partial linearization, similarly to ideas used in Section 6.3. This can be seen as a
simplified version of the one in [GSSV12, Section 6| for the purpose of multiplication. For
a matrix B with sum of row degrees £, meant to be the left operand in a product BA for
some A € K[X]™*™ this technique consists in expanding the high-degree rows of B so
as to obtain a matrix B with O(m) rows and degree at most &/m, then computing the
product ]§A, and finally retrieving the actual product BA by grouping together the rows
that have been expanded (this inverse operation is called partial compression in what
follows).

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

Bi,* - ﬁ(i70)7* + Xd—Hg(i,l)’* + te + X(ai_l)(d+1)]§(i7ai,1)7*. (121)

Then, the expanded matrix B has D orcick @ < k+&/(d+1) rows B(l )+~ We will mainly

use this technique for k¥ < m and d = [{/m] or d = [{/m], in Wthh case B has fewer
than 2m rows. The partial compression is the computation of the row i of the product
BA from the rows (¢,0),..., (i,a; — 1) of BA using the formula in Eq. (12.1).

Proposition 12.5. Let A and B in K[X|"™*™ and d = rdeg(A). Let £ € Z~q be such
that £ = m, |d| <&, and |rdegy(B)| < &. Then, the product BA can be computed using

O(MM'(m,&§/m))  O(m“~'M(¢))

operations in K.
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Proof. In this proof, we use notation from Algorithm 25. The correctness of this algorithm
follows from the identity BA = BA = BoAy + B{A; + -+ B/A,. In what follows we
focus on proving the cost bound O(MM’(m, £/m)); the announced upper bounds on this
quantity follow from Equation (6.3) and Lemma 12.2.

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

Now we study the for loop. We remark that only Step 5.c involves arithmetic oper-
ations in K. Therefore the main task is to give bounds on the dimensions and degrees

of the matrices we multiply at Step 5.c. For i in {0, ..., ¢}, the column dimension of A;
is m and the row dimension of B? is k;. We further denote by m; the row dimension of
A; (and column dimension of BY), and we write [dy(1), . . ., dr(m)] = [do| - - - |ds] where the

sizes of dy, . .., d, correspond to those of the blocks of B as in Step 4 of the algorithm.

First, let ¢ = 0. Then, Ay is mg X m of degree at most {/m and By is ko X my
with mg < m and ky < m (we note that for i = 0 these may be equalities and thus
one does not need to discard the zero rows of By to obtain efficiency). Besides, we have
the componentwise inequality rdeg(Bg) < rdegy, (Bo) < rdegy(B), so that |rdeg(By)| <
lrdegy(B)| < & Then, B can be partially linearized into a matrix ]§8 which has at
most 2m rows and degree at most £/m, and the computation at Step 5.c for i = 0 uses
O(MM(m, &/m)) operations.

Now, let i € {1,...,¢}. By assumption, the sum of the row degrees of A does not ex-
ceed &: since all rows in A; have degree more than 2:71¢ /m, this implies that m; < m/2°71.
Besides, since min(d;) > 2°7'¢/m, we obtain that every nonzero row of B; has d;-row de-
gree more than 2°7'¢/m. Then, £ > |rdegy(B)| > [rdegq (BY)| > k;271¢/m implies
that k; < m/2"'. Furthermore, since we have |rdeg(B?)| = |rdeg(B;)| < &, the par-
tial linearization at Step 5.b can be done by at most doubling the number of rows of
B?, producing B? with fewer than 2m/2"! rows and of degree at most 2°71¢/m. To
summarize: A; has m columns, m; < m/2! rows, and degree at most 2:¢/m; B!
has fewer than 2m/2"! rows, and degree less than 2°¢/m. Then, the computation
of f’? uses O(2'MM(m /271 2°¢/m)) operations in K. Thus, overall the for loop uses
O(MM'(m, &/m)) operations in K. »

12.3 Detailed cost bound for the kernel basis algorithm
of [ZLS12]

Here, we give a detailed cost analysis for the minimal kernel basis algorithm in [ZLS12].
We rewrite it in Algorithm 26, using our convention here that basis vectors are rows of
the basis matrix (whereas in the above reference they are its columns), and furthermore
assuming that the input matrix has full rank. This simplifies the cost analysis by allowing
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Algorithm 25 — RDEGPOLMATMUL
(Multiplication with unbalanced row degrees [ZLS12])

Input:

e polynomial matrices A and B in K[X]"*™,
e an integer & with £ > m, |rdeg(A)| < &, and |rdegy(B)| < €.

Output: the product P = BA.

1. (dy,...,dp) < rdeg(A)

2. 7 < a permutation of {1,...,m} such that (d.(),...,dx@m)) is non-
decreasing

3. A A and B+ Br!

4. define ¢ = [log(m)] and the row blocks A = [A] AT ... AJ|",
where the rows in A have row degree at most £/m and fori =1,... ¢
the rows in A; have row degree in {2"7'¢/m +1,...,2¢/m}

5. define B=[B, B; --- By] the corresponding column blocks of B

6. For ¢ from 0 to ¢:

a. Read r,..., 7y, the indices of the nonzero rows in B; and define
B? the submatrix of B; obtained by removing the zero rows

b. B? « partial linearization of B? with deg(B?) < 2'¢/m
d. Perform the partial compression P? < 15?

e. Re-introduce the zero rows to obtain P;, which is B;A; (its rows
at indices 71, ..., 7y, are those of P?, its other rows are zero)

7. Retum P =Py +P;+---+ Py
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us to better control the dimensions of the matrices encountered in the computations: in
the recursive calls, we always have input matrices with more rows than columns.

Remark 12.6. We defined kernel bases in Definition 8.1. In [ZLS12], the same bases
were called nullspace bases; however, the authors later switched to kernel basis in [ZL13].
They explain this change by the desire to avoid possible ambiguity: the term “nullspace” is
more commonly used for matrices over a field, and would thus refer to nullspace elements
that form a vector space over the fractions K(X), while here we are interested in kernel
elements that form a module over the polynomials K[X]. _

We have seen in Section 7.1 that the quantity MM"(m, d) = 3 oz 27MM(m, 277d)
from Definition 6.1 arises in the cost analysis of fast algorithms for the computation of
approximant bases [BL94, GJV03|, whose divide-and-conquer strategy consists in find-
ing two subproblems which split the order d in two halves. The kernel basis algorithm
in |ZLS12] follows a divide-and-conquer approach on the dimension of the input matrix,
and computes at each node of the recursion some products of matrices with unbalanced
row degrees as well as a minimal approximant basis. In particular, its cost will be ex-
pressed using the quantities MM’(m, d) and MM”(m, d) introduced in Definition 12.1.

The following result refines the cost analysis in [ZLS12, Theorem 4.1|, counting the
logarithmic factors.

Proposition 12.7. Algorithm 26 is correct. Let us assume that m € O(n), and let £ be
an integer such that & = m and |s| < &. Then, Algorithm 26 uses

O(MM(m, §/m) + MM”(m, & /m))
C O(m* ' M(§) + m*M(¢/m) log(§/m))

operations in K.

Proof. The proof of correctness can be found in [ZLS12|. Here, we prove the cost bound
following the algorithm step by step.

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

Step 2: according to Proposition 7.4 (or [GJV03, Theorem 2.4]), P can be com-
puted using O(MM”(m, \)) operations in K. Since A < [{/n] and m € O(n), this step
uses O(MM”(n, & /n)) operations. Besides, from Theorem 1.11 and Lemma 2.10, we have
[rdeg,(P)| = deg(det(P)) 4 [s[ < 3nA + & <3(p+m) + & < TE.

Step 3: finding P; and P, can be done by computing PF. The matrix F is m x n
with row degree w = rdeg(F) < s; in particular, |[w| < &. Besides, P is an m x m
matrix and |rdeg, (P)| < |rdegs(P)| < 7. Then, one can augment F with m — n zero
columns and use Algorithm 25 to compute PF; according to Proposition 12.5, this uses
O(MM'(m,&/m)) C O(MM'(n,&/n)) operations.

Steps 5.a and 5.b: Computing G involves no arithmetic operation since the product
PF has already been computed in Step 3; G has row degree bounded by t (component-
wise). Let us denote m the number of rows of Py. Because both P and F have full rank
and P1F = 0, G has full rank and at least n rows in P are not in the kernel of F', which
means n < 7. Furthermore, according to [ZLS12, Theorem 3.6], we have m < 3n/2.
Then, G is an m x n matrix with n < m < 3n/2 and with row degree bounded by t. In
addition, we have t < s [ZLS12, Lemma 3.12|, and thus in particular |t| < &.
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Algorithm 26 — MINKERBAS
(Shifted minimal kernel basis [ZLS12])

Input:

e matrix F € K[X]™*" with full rank and m > n,
e a non-decreasing shift s € Z™ such that rdeg(F) < s.

Output:

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

Lop< > o isiand A< [p/n]
2. P+ DACAPPBAS((3A,...,3)),F,s)
P + permute the rows of P so that rdeg,(P) is non-decreasing

3. Write P = [P] PJ]T where P consists of all rows p of P satisfying

pF =0
4. If n =1 then return (Py,rdeg,(P;))
5. Else:

a. t < rdeg,(Py) — (3A,...,3))
b. G + X P,F

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

d. (Nj,u) < MINKERBAS(Gy,t)

e. (Ng,v) <~ MINKERBAS(N;G», u)
f. N« [PT (N,N,P,)"|"

g. Return (N, (rdeg,(Py),v))
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12.3. Detailed cost bound for the kernel basis algorithm of [ZLS12]

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

Step 5.d: N is a t-minimal kernel basis of G; and therefore it has m — |n/2] rows and
m columns. Besides, u = rdeg,(N;) and by [ZLS12, Theorem 3.4], we have |u| < |t| < &.

Step 5.e: we remark that N1 Gs has [n/2] columns and 7 — |n/2]| > [n/2] rows. We
now show that it has full rank. Let us consider Ng any u-minimal kernel basis for N1 Ga.
Then N, has mh — |n/2| —r rows, where 7 is the rank of N;Gs. Our goal is to prove that
r = [n/2]. The matrix N = [PT|(N,;N;P,)T]T is an s-minimal kernel basis for F [ZLS12,
Theorems 3.9 and 3.15]. In particular, since F has full rank, N has m — n rows. Since
P, has m — m rows, this gives m —n=m —m+m — |n/2] —r =m — [n/2| —r. Thus
n=|n/2| +r,and r = [n/2].

Furthermore, rdeg(G2) < t and rdeg,(N;) = u, hence

rdeg(N1Ga) < rdeg,geq(q,) (N1) < rdegg(Ny) = u.

We have [t| < € and |u| < £ Augmenting N; and G, with zero entries so that their
dimensions are m x m, by Proposition 12.5 the product N;Gsy can be computed using
OMM'(m,&/m)) € O(MM'(n,&/n)) operations. Then, Ny is a t-minimal kernel basis
for N1 Gy; it has m — n rows and 7 — [n/2] columns, its u-row degree is v = rdeg, (Ny),
and we have |v| < |u| < £ [ZLS12, Theorem 3.4].

Step 5.f: using the previously given dimensions and degree bounds for N; and N,
one can easily check that the product NoIN; can be computed by Algorithm 25 using
O(MM'(m,&/m)) € O(MM'(n,&/n)) operations. Now, Py is m x m with m > . and
denoting w' =t + (3A,...,3)), Py has its row degree bounded by rdeg,(P2) = w', with
|w'| = |rdeg,(P2)| < |rdegs(P)| < 7¢. Besides, |rdeg,, (NaNy)| < |rdeg, (NoNy)| + 3(1 —
n)A < |v|+3nA/2 < 4¢€. Then, the product NoN; P, can be computed with Algorithm 25
using O(m/mMM’(m, € /m)) € O(MM'(n,{/n)) operations, since m € O(n) and n < 1.

Thus, we have two recursive calls with half the column dimension and the same bound
¢, and additional O(MM'(n, &/n) + MM”(n,&/n)) operations for the matrix products and
the computation of a minimal basis of Hermite-Padé approximants. Overall Algorithm 26
uses O(MM/(n, £ /n)+MM”(n, & /n)) operations: since n € ©(m), we obtain the announced
cost estimate; the upper bound is a direct consequence of Lemma 12.3. M
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13

Computing shifted Popov interpolant
bases

In this chapter, we detail our fast algorithms for computing interpolant bases, which are
relation bases as in Problem 4 in the case of a Jordan multiplication matrix. We have seen
in Section 2.4.1 that this problem can be rewritten as a system of n modular equations
in m unknowns. As such, it may be seen as a specific case of Problem 9 for moduli which
are known through their roots and multiplicities, which correspond to the diagonal entries
and block sizes of the Jordan matrix.

In Chapter 8, we gave an algorithm for Problem 9 with cost bound O (m“~!D), under
the assumption that n € O(m) and where D is the dimension of the multiplication matrix.
In our context here, we manage to remove this assumption, in particular by exploiting
the knowledge of the roots and multiplicities of the moduli in the residual computation,
and by introducing a change of shift technique to control the degrees in the recursion.

In this chapter, we only present the global structure of our algorithms, leaving the
details of some technical procedures to the next Chapter 14.

13.1 Divide-and-conquer approach for a triangular mul-
tiplication matrix

In Section 6.4, we presented an algorithm from [BLOO] which iteratively computes relation
bases in shifted Popov form when the multiplication matrix is triangular. In this section,
we show how this can be turned into a divide-and-conquer algorithm, which can be seen
as an generalization of [BL94, Algorithm SPHPS].

Our goal here is only to present this approach and its correctness; we are not interested
in its efficiency, since for an arbitrary triangular multiplication matrix it is not as efficient
as our general algorithm based on linear algebra in Chapter 4. In Chapters 13 and 14,
we will study the specific case of a multiplication matrix in Jordan form, for which we
use the same divide-and-conquer scheme along with some additional ingredients to obtain
fast algorithms.
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Chapter 13. Computing shifted Popov interpolant bases

Algorithm 27 — DACRELBAS
(Divide-and-conquer relation basis for triangular mult. mat.)
[nput:

e an upper triangular matrix M € KP*P,

e a matrix F € K™D,

e a shift s € Z™.

Output: an s-ordered weak Popov relation basis of Syzy,(F).

1. If D =1 then return ITERRELBAS(M, F,s)
2. Else:

M® ¢ leading principal | D/2| x | D/2| submatrix of M
F) « first | D/2] columns of F

P < DACRELBAS(M®,F®) s)

G < last [D/2] columns of PM) . F

M® < trailing principal [D/2] x [D/2] submatrix of M
P® < DACRELBAS(M® G, rdeg,(PW))

g. Return POPM

o P

S

Proposition 13.1. Assuming that M € KP*P s an upper triangular matriz, Algo-
rithm 27 solves Problem 4 and returns a relation basis in s-ordered weak Popov form.

Proof. For the correctness of the base case of the recursion at Step 1, we refer to Proposi-
tion 6.5. Note that the basis returned by Step 1 is in s-Popov form, and thus in particular
in s-ordered weak Popov form.

Concerning the recursion, our proof of correctness fundamentally relies on Theo-
rem 1.28. Using notation from that theorem, here, we consider the module of relations
M = Syzy;(F) for which we want to find a basis, and the module M) = Syzy ;1) (F1).
Since M is upper triangular, we have M C MU,

Let us assume that PM) and P®), as computed by the recursive calls at Step 2.c
and 2.f, are s- and t-ordered weak Popov relation basis of Syzy;o) (FV) and Syzye (G),
respectively, where t = rdeg,(P™).

We write the input F as F = [F() ], with F®) consisting of the first | D/2| columns
of F as in Step 2. Since M is upper triangular, from the fact that the rows of P are
relations of Syzyya) (FV)) we obtain that P . F = [0 *]. Then, by construction of G at
Step 2.d, we have P . F = [0 G].
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As a consequence, the module M® as defined in Theorem 1.28 is

— (A € K[X]"™ | APO) ¢ M}

= {A e K[X]"™ | APY . F = 0}
={A KX | X- [0 G] =0}
= Syzme (G),

where again the last equality follows from the fact that M is upper triangular. Thus, P
is a basis of M),

To summarize, P is a s-ordered weak Popov basis of M1, and P® is a t-ordered
weak Popov basis of M®). Then, from the items (i) and (4ii) of Theorem 1.28, it follows
that P@PWM is a 0-ordered weak Popov basis of M. Hence the correctness. »

13.2 Fast interpolant bases in reduced form for almost
uniform shifts

In this section, we provide a description of our divide-and-conquer algorithm to compute
minimal interpolant for the case of a shift whose entries are close to uniform. As sum-
marized in Section 2.4.2, we obtain an algorithm in O™ (m“~!D) by using several new
ingredients.

Instead of resorting to kernel bases as for Problem 9, we directly follow the divide-
and-conquer approach presented above in Algorithm 27. For efficiency, we do not stop
the recursion at D = 1 but rather at D = m, in which case we solve the problem via the
algorithm of Chapter 4 based on fast dense linear algebra. Furthermore, to ensure that
shifts stay almost uniform in recursive calls, we resort to changes of shifts at each node
of the recursion; and we rely on a fast algorithm for computing residuals in this context,
using techniques involving Chinese remainder evaluation and interpolation.

As a parenthesis, regarding the introduction of this chapter, we recall that in the
case of systems of linear modular equations, the efficient use of kernel bases and the fast
computation of residuals were two components that pushed us to require that the number
of equations be not much larger than the number of unknowns (see Sections 6.3 and 8.1).

In this section, we assume that J € KP*P is a Jordan matrix given by means of a
standard representation as in Eq. (2.3). Our algorithm relies on two subroutines for which
cost estimates are given in Chapter 14 and are taken for granted here:

e in Section 14.1, the change of shift: given an s-minimal interpolant basis P and
some shift t, compute an (s 4 t)-minimal interpolant basis;

e in Section 14.2, the fast computation of a residual, that is, a product of the form
P - F defined by the multiplication matrix as in Section 2.1.2.

It also uses algorithms that have been given previously in this document:

e in Chapter 4, the computation of an s-minimal interpolant basis using linear algebra,
which is used here for the base case of the recursion;
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e in Section 12.2, the fast multiplication of two polynomial matrices with respect to
the average row degree of the operands and of the result.

Algorithm 28 — MININTBAS
(Minimal interpolant basis)

[nput:
e a Jordan matrix J € KP*P in standard representation,
e a matrix F € K™*P,

Output: a O-minimal interpolant basis of Syzy(F).

1. If D < m then return LINPOPOVRELBAS(J, F, 0)
2. Else:

JW + leading principal | D/2] x | D/2] submatrix of J

FW) <« first [ D/2] columns of F

P « MININTBAS(JW, FO)

G « last [D/2] columns of PM) . F = JORDANMUL(J, PW, F)
J@ < trailing principal [D/2] x [D/2] submatrix of J

P® < MININTBAS(J®?, G)

R + CHANGESHIFT(P® 0, rdeg(PM))

Return RDEGPOLMATMUL(P®™ R, D)

TP

& o

R 0

Using notation in Algorithm 28, we remark that the leading and trailing principal
submatrices J® and J® are still in Jordan canonical form, albeit not necessarily in
standard representation; this can however be restored by a single pass through the array.

Proposition 13.2. Algorithm 28 is correct, and for D > m it uses

O(m*“~M(D) + m*M(D/m)log(D/m)* + m* ' Dlog(m) + mM(D)log(D) log(D/m))
C O(m“~'M(D)log(D)log(D/m))

operations in K. If D < m, it uses O(mD“~! + D“log(D)) operations in K.

Proof. Concerning the base case D < m, the correctness and the cost bound both follow
from Proposition 4.18 and the corresponding Algorithm 3.

Let us consider the case of D > m. For the correctness of the recursive procedure,
our proof relies on Theorem 1.28 and is also close to the proof of Proposition 13.1. We
consider the modules M = Syzz(F) and MY = Syz;u,(FV). We assume that PU), as
computed by the first recursive call, is a 0-minimal interpolant basis of Syzju)(FM).

Writing the input F as F = [F!) x|, since J is upper triangular, the fact that the rows
PW are interpolants of Syzza) (F) implies that P(Y) - F = [0 *]. Then, by construction
of G at Step 2.d, we have PV . F = [0 G].
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As a consequence, the module M®) as defined in Theorem 1.28 is

M® =X e K[X]>™ | APW € Syzy(F)}
= (A e K[X]"™ | APY . F = 0}
= {AcK[X]™™ | X-[0 G] =0}
= SYZJ<2>(G)>

where again the last equality follows from the fact that J is upper triangular.

Let us then denote by P(®) the matrix computed by the second recursive call, which is
a 0-minimal interpolant basis of Syzye (G) by construction. From the identity above, P
is a 0-reduced basis of M. Moreover, Proposition 14.2 indicates that R is a t-reduced
form of P® | where t = rdeg(P™).

To summarize, PM is a 0-reduced basis of M, and R is a t-reduced basis of M),
Then, from Theorem 1.28, it follows that RP(") is a 0-reduced basis of M, or in other
words, a 0-minimal interpolant basis of Syzz(F). The correctness follows, since RPW is
the product computed at Step 2.h.

Let us now prove the announced cost bound for D > m. Without loss of generality,
we assume that D/m is a power of 2. Each of Steps 2.c and 2.f calls the algorithm
recursively on an instance of Problem 4 with dimensions m and D/2.

Let us first give some remarks on the degrees in the manipulated matrices. From
Lemma 2.10, we obtain

deg(det(P)) < D, deg(det(PW)) < D/2, and deg(det(P®?)) < D/2.

According to the item (v) of Theorem 1.11, the sum of the row degrees of a 0-reduced
matrix equals the degree of its determinant, hence

Irdeg(P)| < D, |rdeg(P®)| < D/2, and |d| = |rdeg(PW)| < D/2.
Then, we analyze the contribution of each step to the total cost.

e The leaves of the recursion are for the dimensions m/2 < D < m, and therefore
by Proposition 4.18 each of them uses O(m®log(m)) operations. For D > m, with
D/m a power of 2, the recursion leads to D/m leaves, which thus yield a total cost
of O(m“~'Dlog(m)) operations.

e According to Proposition 14.3, Step 2.d uses
O(MM(m, D/m)log(D/m) +mM(D)log(D))
operations. Using the super-linearity property Hwywmy.,.) of Eq. (6.2), this contributes
to the total cost as O(MM(m, D/m)log(D/m)*+ mM(D)log(D)log(D/m)) opera-

tions.

e For Step 2.g, we use Proposition 14.2 with £ = D, remarking that both the sum
of the entries of t = rdeg(P™) and that of rdeg(P®) are at most D/2. Then, the

259



Chapter 13. Computing shifted Popov interpolant bases

change of shift is performed using O(MM’'(m, D/m) + MM”(m, D /m)) operations.
Thus, altogether the time spent in this step is

O > 2(MM/(m,27'D/m) + MM”(m, 27" D /m))

0<i<log(D/m)
operations; we give an upper bound for this quantity in Lemma 12.4.

e From Proposition 14.2 we obtain that rdeg,(R) < |rdeg(P®)| + |t| < D. Then,
using Proposition 12.5 with £ = D, the polynomial matrix multiplication in Step 2.f
can be done in time O(MM’(m, D/m)). Besides, it is easily verified that by definition
MM’ (m, D/m) < MM/(m, D/m), so that the cost for this step is dominated by the
cost for the change of shift.

Adding these costs and using the bounds in Section 6.1 leads to the conclusion. M

Now, if the shift in input is not uniform, we can always resort to this divide-and-
conquer approach with the uniform shift and eventually perform a change of shift to
obtain the sought shifted minimal interpolant basis.

Algorithm 29 — SHIFTMININTBAS

(Shifted minimal interpolant basis)

Input:
e a Jordan matrix J € KP*? in standard representation,
e a matrix F € K™D,
e a shift s € Z™.

Output: an s-minimal interpolant basis of Syz;(F).
1. If D < m then return LINPOPOVRELBAS(J, F,s)
2. Else:

a. P «+ MININTBAS(J, F)
b. Return CHANGESHIFT(P,0,s — min(s))

We now prove the following cost bound, which refines that in Theorem 2.19.

Proposition 13.3. Let £ = |s — min(s)|. Algorithm 29 is correct, and for D > m it uses

O(m*~M(D) + m*M(D/m)log(D/m)* + m*“ ' Dlog(m) + mM(D)log(D) log(D/m)
+m T IM(E) + meM(E/m) log(€/m))
C O(m*~'M(D)log(D)log(D/m) +m“"'M(§) + m“M(¢&/m) log(¢/m))

operations in K. If D < m, it uses O(mD*~! + D log(D)) operations in K.
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Proof. The correctness of Algorithm 29 follows from the correctness of Algorithms 3, 28
and 31. We remark that at Step 2.b we use the shift s — min(s) instead of s, in order to
ensure the requirement of CHANGESHIFT that the input shift should have nonnegative
entries.

Concerning the cost bound when D > m, Proposition 13.2 gives the number of op-
erations used by Step 2.a to produce P, which satisfies |rdeg(P)| = deg(det(P)) < D
according to Lemma 2.10. As a consequence, we have |[rdeg(P)| + |s — min(s)| < D + &:
Proposition 14.2 states that Step 2.b can be performed using

O(MM/ (m, (D + &€)/m) + MM”(m, (D + £)/m))

field operations. The cost bound then follows from the bounds in Lemma 12.3. n

13.3 Fast interpolant bases in Popov form for arbitrary
shifts

In the previous section, we have given an algorithm in O™ (m“~!D) for almost uniform
shifts. Still, the situation is not yet completely satisfactory: for worst case shifts, the cost
bound for this algorithm is far from our target cost.

For example, for a shift s that has a large amplitude max(s) — min(s), such as the
Hermite shift that we discussed in Section 1.2.2, the cost bound may become as large as
O (m“*'D). The main reason behind this high cost is that performing a change of shift
is costly for such shifts. As a comparison, even the simple divide-and-conquer approach
of Section 13.1 is more efficient in this case: assuming that the residual matrix G is
computed efficiently (using for example the algorithm of Section 14.2), Algorithm 27 uses
O™ (m*D) operations for an arbitrary shift.

Here, we design an algorithm which computes the interpolant basis in shifted Popov
form using O"(m*~1 D) for an arbitrary shift. To achieve this, we use our strategy revolv-
ing around the knowledge of the minimal degree, which was summarized in general terms
in Section 1.2.1 and used in our fast algorithms for approximant bases and solution bases.
More explicitly, we follow a divide-and-conquer scheme similar to that of Algorithm 27 to
find the shifted minimal degree of Syzy,(F'), using this additional knowledge to consider
another shift with good properties that allow us to solve the problem efficiently by relying
on the fast algorithm of the previous section.

More precisely, our algorithm relies on two subroutines presented in Chapter 14, the
second one being the key new ingredient for dealing with arbitrary shifts:

e JORDANMUL, detailed in Section 14.2, with an additional pre-processing given in
Corollary 14.4 and at the end of Section 14.3, which computes the residual PV . F
from a basis P obtained recursively;

e MINDEGINTBAS, detailed in Section 14.3, which computes the s-Popov interpolant
basis when the s-minimal degree of Syz;(F) is known.

We temporarily take for granted the results in Propositions 14.3 and 14.11 concerning
these subroutines.
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Algorithm 30 — FASTPOPOVINTBAS

(Shifted Popov interpolant basis)

Input:
e a Jordan matrix J € KP*? in standard representation,
e a matrix F € K™*P,
e a shift s € Z™.

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

1. If D < m then return LINPOPOVRELBAS(J, F,s)

2. Else:
a. JW ¢« leading principal |D/2] x | D /2] submatrix of J
b. FO <« first [D/2] columns of F
c. PW « FastPorovINTBAs(JM F) s)
d. 6 « diagonal degrees of P
e. G < last [D/2] columns of PV . F // using JORDANMUL
f. J@ <« trailing principal [D/2] x [D/2] submatrix of J
g. P® < FastPorovINTBAS(J®? G,s + 6W)
h. §® < diagonal degrees of P

o
.

Return MINDEGINTBAS(J, F, s, 6 4 §?)
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We obtain the following result; note that the cost bound is essentially that of Propo-
sition 13.2 multiplied by the depth O(log(D/m)).

Proposition 13.4. Algorithm 30 is correct, and if D > m it uses

O(m“~*M(D)log(D/m) + m“M(D/m)log(D/m)?
+ m“ "' Dlog(m)log(D/m) + mM(D)log(D)log(D/m)?)
C O(m“~'M(D)log(D)log(D/m)?)

operations in K. If D < m, it uses O(mD“~! + D*log(D)) operations in K.

Proof. For the case D < m, the correctness and the cost bound of the base case at
Step 1 both follow from Proposition 4.18: it uses O(mD*~1+ D* log(D)) C O(m* log(m))
operations.

Now, we consider the case D > m. Using the notation in the algorithm, assume that
P is the s-Popov interpolant basis for Syzya) (F), and P® is the t-Popov interpolant
basis of Syzye (F?)), where t = s + 6 = rdeg,(P"), and 6V and §® are the s- and
t-minimal degrees of Syz;u) (F(V) and Syze (F?)), respectively.

Then, we can rely on Theorem 1.28 exactly like in the proof of Proposition 13.1.
The item (iv) of this theorem states that the s-minimal degree of Syz;(F) is the sum
0 + 8@ As a result, Proposition 14.11 states that Step 2.i correctly computes and
returns the s-Popov interpolant basis of Syz;(F).

Concerning the cost bound, the recursion stops when D < m, and thus the algorithm
uses O(m* log(m)) operations. The depth of the recursion is O(log(D/m)); we have two
recursive calls in dimensions m x D/2, and two calls to subroutines with cost bounds
given in Proposition 14.3 and Corollary 14.4 concerning the computation of the residual
at Step 2.e, and Proposition 14.11 concerning Step 2.i. The conclusion follows from the
super-linearity property Hwm(.) in Eq. (6.1) M
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14

Details of new ingredients for
interpolant bases

In this chapter, we detail the three main technical tools that we introduced in order
to design our fast interpolant basis algorithms described in Chapter 13. For the first
algorithm for almost uniform shift, we relied on a change of shift at each node of the
recursive tree so as to control the degrees in the bases computed recursively. For both
algorithms, an essential tool is the computation of residuals, that is, products of the form
P F for P € K[X]|™™ and F € K™*P as defined in Section 2.1. Finally, for dealing
with arbitrary shifts, we use partial linearization techniques to efficiently compute the
interpolant basis when the minimal degree is known.

14.1 Fast shifted reduction of a reduced matrix

In Algorithm 29, a key ingredient to achieve efficiency is to control the size of the inter-
mediate interpolant bases that are computed in recursive calls. For this, we compute all
minimal bases for the uniform shift and then recover the shifted minimal basis using what
we call a change of shift, that we detail in this section. More precisely, we are interested
in the problem of transforming an s-reduced matrix P € K[X|™*™ with full rank into a
unimodularly equivalent matrix that is (s 4 t)-reduced for some given shift t € ZZ.

Compared to a general row reduction algorithm such as the one in [GSSV12|, our algo-
rithm achieves efficient computation with regards to the average row degree of the input
P rather than the maximum degree of the entries of P. The main consequence of having
an s-reduced input P is that no high-degree cancellation can occur when performing uni-
modular transformations on the rows of P, which is formalized as the predictable-degree
property (see Theorem 1.11). In particular, the unimodular transformation between P
and an (s+t)-reduced equivalent matrix has small row degree, and the proposition below
shows how to exploit this to solve our problem via the computation of a shifted minimal
kernel basis for some 2m x m polynomial matrix (for a definition of kernel bases, see
Definition 8.1).

Minimal kernel bases have often been used in the computation of reduced or normal
forms of polynomial matrices, such as in [BvdHP88, BLV99, GJV03, BLV06, GS11].
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Chapter 14. Details of new ingredients for interpolant bases

Lemma 14.1. Let s € ZZ, and t € ZZ,, let P € K[X]|™*™ be s-reduced and nonsingular,
and define d = rdeg,(P). Then R € K[X]™™ is an (s + t)-reduced form of P with
unimodular transformation U = RP~! € K[X]|™ ™ if and only if [U RX®] is a (d,t)-
minimal kernel basis of [XSPT —1,,]T.

Proof. We first assume that the result holds for the uniform shift s = 0 € ZZ;, and we
show that the general case s € ZT, follows. Indeed, considering the O-reduced matrix
PX® we have d = rdeg,(P) = rdeg(PX®). Hence [U R] is a (d,t)-minimal kernel
basis of [XSPT —1,]" if and only if R is a t-reduced form of PX® with unimodular
transformation U such that UPX® = R, that is, if and only if RX™® € K[X]™*™ is a
(s + t)-reduced form of P with unimodular transformation U such that UP = RX™5.

Let us now prove the proposition for the uniform shift s = 0. First, we assume
that R € K[X]™™ is a t-reduced form of P with unimodular transformation U. From
UP = R it follows that the rows of [U R] are in the kernel of [PT —1,,,]T. Writing [N ]|
with N € K[X]™ ™ to denote an arbitrary basis of that kernel, we have [U R| = V[N x|
for some V € K[X]"™*™ and thus U = VN. Since U is unimodular, V is unimodular
too and [U R] is a basis of the kernel of [PT —1,,]T. It remains to check that [U R]
is (d, t)-reduced. Since P is reduced, we have rdegy (U) = rdeg(UP) = rdeg(R) by the
predictable-degree property in Theorem 1.11 and, using t > 0, we obtain rdegq (U) <
rdegg (R). Hence rdegq)([U R]) = rdegy (R) and, since R is t-reduced, this implies
that [U R] is (d, t)-reduced.

Now, let [U R] be a (d,t)-minimal kernel basis for [PT —1I,,]T. First, we note
that U satisfies U = RP~!. It remains to check that U is unimodular and that R is
t-reduced. To do this, let R denote an arbitrary t-reduced form of P and let U=RP!
be the associated unimodular transformation. From the previous paragraph, we know
that [U R] is a basis of the kernel of [PT —I,,]7, and since by definition [U R] is also
such a basis, we have [U R] = W[U R] for some unimodular matrix W e K[X]"*™.
In particular, U = WU is unimodular. Furthermore, the two unimodularly equivalent
matrices [U R] and [fJ' R] are (d, t)-reduced, so that by definition they share the same
shifted row degree up to permutation. Now, from the previous paragraph, we know that

A~ ~ A~

rdegqy)([U R]) = rdeg; (R), and similarly, having P reduced, UP = R, and t > 0
imply that rdeg 4 ([U R]) = rdeg; (R). Thus rdeg, (R) and rdeg (R) are equal up to

permutation, and combining this with the fact that R = WR where R is t-reduced and
W is unimodular, we conclude that R is t-reduced. n

This leads to Algorithm 31; for efficient computation, it relies on the minimal kernel
basis algorithm of [ZLS12|, which we recalled as Algorithm 26.

Proposition 14.2. Let s € ZZ, and t € ZZ,, let P € K[X]™*™ have full rank and be
s-reduced, and define d = rdeg,(P). We write & to denote a parameter such that & > m
and |d|+|t| < €. Then, an (s+t)-reduced form R € K[X]™ ™ of P and the corresponding
unimodular transformation U = RP~! € K[X]™*™ can be computed using

O(MM'(m, &/m) + MM”(m, § /m))
C O(m*"'M() +m“M(&/m) log(&/m))

operations in K. Besides, we have |rdegg,(R)| = |d| + |t].
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14.2. Computing residuals for interpolant bases

Algorithm 31 — CHANGESHIFT
(Shifted reduced form of a reduced matriz)
Input:
e a nonsingular matrix P € K[X|™*"
e a nonnegative shift s € ZZ, such that P is s-reduced,

e a nonnegative shift t € ZZ,.

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

T av)

1. d < rdeg,(P)

2. [U R| «+ MINKERBAS(

3. Return RX5

Proof. Writeu = (d,t) and Q = [X5PT —I,]". According to Lemma 14.1, Algorithm 31
is correct: it computes [U R] a u-minimal kernel basis for Q, and returns RX™® which is
an (s+t)-reduced form of P. For a fast solution, the minimal kernel basis can be computed
using [ZLS12, Algorithm 1|, which we have rewritten in Section 12.3 (Algorithm 26) along
with a detailed cost analysis.

Here, we show that the requirements of this algorithm on its input are fulfilled in our
context. Concerning the input matrix, we note that Q has more rows than columns, and
Q has full rank since by assumption P has full rank. Now, considering the requirement
on the input shift, first, each element of the shift u bounds the corresponding row degree
of Q; and second, the rows of Q can be permuted before the kernel computation so as to
have u non-decreasing, and then the columns of the obtained kernel basis can be permuted
back to the original order. In details, we first compute v being the tuple u sorted in non-
decreasing order together with the corresponding permutation matrix = € K?™*?™ such
that, when v and u are seen as column vectors in Z;’S“, we have v = mu. Now that
v is non-decreasing and bounds the corresponding row degree of 7Q, we compute N a
v-minimal kernel basis for 7Q using Algorithm 26, then, N7 is a u-minimal kernel basis
for Q. Since by assumption |v| = |d|+ |t| < &, the announced cost bound follows directly
from Proposition 12.7.

Finally, we prove the bound on the sum of the (s + t)-row degrees of R. Since P is
s-reduced and R is (s + t)-reduced, and they are unimodularly equivalent, from item (v)
of Theorem 1.11 we have |rdeg,,((R)| = deg(det(R)) + |s + t| = deg(det(P)) + [s| + [t| =
[rdegq(P)[ + |t| = [d] + [t]. -

14.2 Computing residuals for interpolant bases

Let J € KP*P be as in Section 2.4.2; in particular, we suppose that J is a Jordan matrix,
given by a standard representation as in Eq. (2.3). Given a matrix F € K™ and a
polynomial matrix P € K[X]|™ ™ we show how to compute the product P - F € K™*P,
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as defined in Section 2.1.2. We will often call the result residual, as this is the role this
matrix plays in our algorithms for interpolant bases presented in Chapter 13.

We announce here the two main results that we will obtain concerning the computa-
tion of these products. The first one concerns the case where one has control over the row
degrees of the matrix P, while the second one focuses on the case of controlled column
degrees. These are the two situations that we encounter in our interpolant basis algo-
rithms: as explained in Section 1.2.2, having almost uniform shifts implies that the sum
of the row degrees is controlled, whereas focusing on shifted Popov bases implies that the
sum of the column degrees is controlled. The algorithm JORDANMUL mentioned in the
following proposition will be detailed in Algorithm 32.

Proposition 14.3. Let J € KP*P be a Jordan matriz given by a standard representation,
let P € K[X]™™, and let F € K™*P. There is an algorithm JORDANMUL that computes
the product P -F € K™P; if D > m and if the sum of the row degrees of P is in O(D),
this algorithm uses O(MM(m, D/m)log(D/m) + mM(D)log(D)) operations in K.

The case of controlled column degrees follows as a consequence; the proof will be given
at the end of Section 14.3.

Corollary 14.4. Let J € KP*P be a Jordan matriz given by a standard representation, let
P c K[X|™™ and let F € K™P. If D > m, and if the sum of the column degrees of P is
at most D, then P-F can be computed using O(MM(m, D /m)log(D/m)+mM(D)log(D))
operations in K.

Remark that when D > m and the sum of the row or of the column degrees of P is
in O(D), storing P requires O(mD) elements in K, so that representing the input and
output of this computation involves ©(mD) field elements. At best, one could thus hope
for an algorithm of cost O(mD). Our result is close, as we get a cost of O7(m!3¥D) with
the best known value of w.

14.2.1 Residuals and Chinese remaindering

The following lemma writes the output in a more precise manner. The proof is a straight-
forward consequence of the discussion in Section 2.4.1.

Lemma 14.5. Suppose that J has the form ((x1,Dy),...,(zn, Dy)). Let P € K[X]™*™
and F € K™P and write F = [F; -+ F,] with F; in K™Pi for 1 < j < n. For
1 < j < n, define the following matrices:

o F, oy = F;[1,X,..., X2 1T e K[X]™! is the column vector with polynomial
entries built from the columns of F;,

° Gj,poly = P(X + xj) Fj,poly mod X7 € K[X]mX1,

* G; =1Gjo,-- Gip] € K™*Di s the matriz whose columns are the coefficients
of Gj,poly of degrees 0, . . . ,D; — 1.

Then, P-F = G with G =[G, --- G,] € K™D,
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14.2. Computing residuals for interpolant bases

To give an idea of our algorithm’s behaviour, let us first consider the case where J is
the upper shift matrix Z as in Eq. (2.2), that is, there is only one Jordan block whose
eigenvalue is 0. This corresponds to having n = 1 in the previous lemma, which thus says
that we can turn the input F into a vector of m polynomials of degree at most D, and that
we simply have to left-multiply this vector by P. Suppose furthermore that all entries in
P have degree O(D/m): this is the most natural situation ensuring that the sum of its
row degrees is O(D), as assumed in Proposition 14.3. Then, we have to multiply an m xm
matrix with entries of degree O(D/m) by an m x 1 vector with entries of degree at most
D. To do this efficiently, we have seen in Lemma 6.3 how to rely on partial linearization
techniques: we expand the right-hand side into an m x m polynomial matrix with entries
of degree O(D/m), we multiply it by P, and we recombine the entries of the result. This
is thus done using O(MM(m, D/m)) field operations.

On the other side of the spectrum, we also encountered the case of a diagonal ma-
trix J, with diagonal entries zy,...,2p (so all D;’s are equal to 1); suppose further-
more that these entries are pairwise distinct. In this case, if F,;,...,F,p denote the
columns of F, Lemma 14.5 shows that the output is the matrix whose columns are
P(z1)F.1,...,P(zp)F,. p. Evaluating P at all z;’s would be too costly, as simply repre-
senting all the evaluations requires m?2D field elements; instead, we interpolate a column
vector of m polynomials [fi,..., fm]" of degree less than D from the rows of F, do the
same matrix-vector product as in the previous paragraph, and evaluate the output at the
z;’s; the total cost is O(MM(m, D/m) +mM(D)log(D)).

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

Lemma 14.6. The following cost estimates hold:

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

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

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

Proof. For the first and third point, we refer the reader to [GG13, Chapters 9 and 10].
For the second point, we first compute ¢ = ¢;---¢s in time O(M(e)log(e)), reduce p
modulo ¢ in time O(M(d + €)), and use the simultaneous modular reduction algorithm
of [GG13, Corollary 10.17], which takes time O(M(e)log(e)). We conclude by remarking
that M(d + e) + M(e) log(e) € O(M(d) + M(e) log(e)), as can be seen by considering the
cases d < e and d > e. »
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14.2.2 Main algorithm

For a Jordan matrix J € KP*P given in standard representation, and for any z in K,
we will denote by rep(z,J) the number of pairs (z,s) appearing in that representation,
counting repetitions. In particular, . rep(z,J) = D.

For an integer k € {0,..., [log(D)]}, we select from the representation of J all those
pairs (z,s) with s in {2% ... 281 — 1}, obtaining a set J*). Since J is in standard
representation, we can compute all J®) by a single pass through the array J, and we can
ensure for free that all J*®) themselves are in standard representation. We decompose J*)
further into two classes J*®>™) where all pairs (, s) are such that rep(z, J*)) is greater
than m, and J®»<™_ which contains all other pairs. As above, this decomposition can be
done in linear time, and we can ensure for no extra cost that J®>™ and J*<™ are in
standard representation. Explicitly, these sequences will be written as

- k) (k k) (k k) (K k) (K
J=m) ((a;g )7 Sg 1)) ) (375 )7 8;:51@))7 ces ($§<k))a 315(;3)71), cees (mioc))a SE(,3>7T(?13> ));
with (rgk))i = (rep(xz(k),J(k)))i non-increasing, and where for i in {1,...,t®}, r ) > m
and (SEIE) ); is a non-increasing sequence of elements in {2%, ..., 2*"1 —1}. The correspond-

ing sets of columns in the input matrix F and the output G will be written

F(k:,>m) _ (F(_k:,>m)

i,J )1<¢<t(k>,1<j<r§’“)

and
G(k,>m) _ (G(k,>m)

0, )1<i<t<k),1<j<r§’“);

they will be treated using a direct application of Lemma 14.5. Similarly, we write

(k k) k k k k
TEE = (&7 Do @ D) (€00, DIt 1) (€80 D o )

with (), = (rep(¢™, I®)), non-increasing, and where for i in {1,...,7®}, p*
and (Dz(];))j is a non-increasing sequence of elements in {2% ... 281 — 1}, The corre-
sponding sets of columns in the input matrix F and the output G will be written F®-<m)

and G*<™): more precisely, they take the form

F(k,gm) (F(k,ém))

1<i<r®,1<<p®

and
G(k7<m) — (G§Z7<m))1gig7(k),1<]<P§k)’
and will be treated using a Chinese remaindering approach.

In the main loop, the index k will range from 0 to [log(D/m)|. After that stage, all
entries (z, s) in J that were not processed yet are such that s > D/m. In particular, if we
call J(><m) the set of these remaining entries, we deduce that this set has cardinality at
most m; thus rep(x, J©><™) < m holds for all z and we process these entries using the
Chinese remaindering approach.

Algorithm JORDANMUL constructs all these sets J®>m)  Jk.<m) and J(<m)  then
extracts the corresponding columns from F (via the subroutine EXTRACTCOLUMNS), and
processes these subsets of columns, before merging all the results.
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14.2. Computing residuals for interpolant bases

Algorithm 32 — JORDANMUL
(Residuals for a multiplication matriz in Jordan form)

Input:

e a Jordan matrix J in KP*? in standard representation,
e a matrix P € K[X]™*™,
e a matrix F € K™*P,

Output: the product G =P - F € K™*P.

1. For k from 0 to |log(D/m)]

JB)  ((z,8) € T | 2F < s < 2FH1)

JE>m) o ((z,5) € I®) | rep(z, JF) > m)

F*:>m) « EXTRACTCOLUMNS(F, J(:>m))

G#>m) ¢ JORDANMULBYSHIFTINGP (J(>m) P Fk>m))
JEsm) o ((z,5) € J® | rep(z, J®)) < m)

Fksm) ¢ EXTRACTCOLUMNS(F, Jk:<m))

G#F<m) ¢ JORDANMULBYCRT (J*:<m) P Fk<m))

e o T B

R = 0

Jloo,sm) ((ac,s) clJ | 9llog(D/m)]+1 < S)
Feesm) « EXTRACTCOLUMNS(F, J(osm))
G(sm) « JORDANMULBYCRT (J(oo:sm) P Floosm))

Return MERGE((G*>™)oc < 10g(/m))» (GFS™)ocke 1og(nm) ), GES™)

AT o B
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14.2.3 Computing the residual by shifting P

We start with the case of the sets J*>™) for which we follow a direct approach. Below,
recall that we write

m k k k k k k k
TE2 = (@7 s @) @4l 1 ) @050 o )

with sgﬁ) > sg;) for any k, ¢, and j. For a fixed k, we compute ng) =P(X + ng)) mod

X SE?, for i in {1,...,t™} and do the corresponding matrix products. This is described
in Algorithm 33; we give below a bound on the total time spent in this algorithm, that
is, for all £ in {0,..., [log(D/m)]}. Before that, we give two lemmas: the first one will
allow us to control the cost of the calculations in this case; in the second one, we explain
how to efficiently compute the polynomial matrices ng)

Lemma 14.7. The following bound holds:

llog(D/m) | +(*)

Z Z (k) si71 O(D).

Proof. By construction, we have the estimate

llog(D/m)] &) r®

ZZZ

=1 j=1

since this represents the total size of all blocks contained in the sequences J*>") Now,
for fixed k and 4, the construction of J®) implies that the inequality sf 1) < 23 k) holds for
all 7. This shows that we have

(k)
ZZ 1

and the conclusion follows by summing over all £ and 1. M

In the following lemma, we explain how to compute the polynomial matrices PZ(-k) in
an efficient manner, for 4 in {1,...,t%®} and for all the values of k we need.

Lemma 14.8. Suppose that the sum of the row degrees of P is O(D). Then one can
compute the matrices ng) for all k in {0,..., [log(D/m)|} and i in {1,...,t®)} using
O(mM(D)log(D)) operations in K.

Proof. We use the second item in Lemma 14.6 to first compute P mod (X — :L'Z(-k))sz('fcl)
all k£ and 7 as in the statement of the lemma. Here, the sum of the degrees is

S = Z sgﬁ),
ki

272

, for



14.2. Computing residuals for interpolant bases

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

O(mM(D) + m*M(S) log(S)).

Now, because we consider here J( , we have 7’1@ > m for all £ and 7. Hence, using the

super-linearity of M(-), the term m?*M(S)log(S) admits the upper bound

mM (Z rgk)sgﬁ)> log(.9),

ki

k,>m)

which is in O(m M(D)log(D)) in view of Lemma 14.7.
Then we apply a variable shift to all these polynomials to replace X by X —|—a: Usmg

the first item in Lemma 14.6, for fixed k and i, the cost is O(m? ( Sif ) log(sl(,l))). Hence,
the total time is again O(m2M(S)log(S)), so the same overall bound as above holds. %

Algorithm 33 — JORDANMULBYSHIFTING
(Jordan residual via shifting)

Input:
e the Jordan matrix J*>™) given by the standard representation
(k) (k)) (k) (k) ) (k) (k) ) (k) (k) )
()", 811 o (xy ’817T§k> s (Tl Sy 1)s (00 st(k)m% ,
t
e a matrix P € K[X|™*™,
e a matrix F->m) = [ngf b Fif; (k)) | € Km*2ii®i

o)
with F(k >m) e K< for all g e

(k)
Output: the product P - Fk:>m) ¢ Km*2i; ¢ 53

(k)
]_. (P,Ek:)>1<l<t(k:) <— (P(X ‘I_ JZZ) mOd Xsivl )1<i<t(k)
2. For i from 1 to t():

a. (F(k> ))1<]< w0 (F(k> )[1,X,...,X by l]T)

i, poly 1<j<r(®
b (G5 - Gl e POEG - B
c. For j from 1 to r(k) GE’; >m) (coeﬁ(Gzi iﬁ;,f))ogksg?
3. Return [Gg’ffm) Gif;?é)]
:

Lemma 14.9. Algorithm 33 is correct. Given the polynomial matrices computed in
Lemma 14.8, the total time spent in this algorithm for all k in {0,..., [log(D/m)]|} is
O(MM(m, D/m)) operations in K.
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Proof. Correctness of the algorithm follows from Lemma 14.5, so we focus on the cost
analysis.

Lemma 14.8 gives the cost of computing all polynomial matrices needed at Step 1.
The only other arithmetic operations are those done in the matrix products at Step 2.b:
we multiply matrices of respective sizes m x m and m x rZ(k), with entries of degree less
than sgﬁ). For given k and i, since we have m < rgk), the cost is O(MM(m, sgﬁ))rgk)/m);
using the super-linearity Hwum(.,.) of Eq. (6.2), this is in O(MM(m, rgk)sg?/m)). Applying
again Lemma 14.7, we deduce that the sum over all k& and i is O(MM(m, D/m)). »

14.2.4 Computing the residual by Chinese remaindering

The second case to consider is J#®<™  Recall that for a given index k, we write this
sequence as

m k k k k k k k k
J(k’g ): (( £ )7D§,1))77(§§ )7D( ) )7~"7(57(—(13)7D7(—(I)c),1>a"-7(§£(2)’D( : (k) ))7

Lng) T(k):PT(k)

with p(k,z) <o K pgk) < m foralliin {1,...,7}. In this case, 7(¥) may be large so the

7(
previous approach may lead us to compute too many matrices ng). Instead, for fixed k
(k,<m)
i?j "
) of small column dimension; this allows us to efficiently

and j, we use Chinese remaindering to transform the corresponding submatrices F
into a polynomial matrix ng’gm
perform matrix multiplication by P on the left, and we eventually get P - Fgﬁ’gm) by

computing the first coefficients in a Taylor expansion of this product around every fi(k).
To sim(p)lify the notation in the algorithm, we also suppose that for a fixed k, the points
k

ik), .., & & all appear the same number of times in J (k.<m) " This is done by replacing
pgk), ey p(f(:,)c) by their maximum pgk) (simply written p®) in the pseudo-code) and adding
suitable blocks (£%) DEE)), with all new Dfﬁ) set to zero.

Lemma 14.10. Algorithm 34 is correct. If the sum of the row degrees of P is in O(D),
the total time spent in this algorithm for all k in {0,..., |log(D/m)], o0} is

O(MM(m, D/m)log(D/m) + mM(D)log(D))
operations in K.

Proof. Proving correctness amounts to verifying that we compute the quantities described
in Lemma 14.5. Indeed, the formulas in the algorithm show that for all k,7, 7, we have

m m (k) . . . .
Ggsm = PFET mod (X—¢M)Pi; the link with Lemma 14.5 is made by observing

k,<m k,<m k k,<m k,<m k
that Fz(',j,shif‘)ced = Fz(’,j,pol;(X - 51( )) and Gz(,j,shiﬂ);ed = Gz(',j,pol}z (X - 61( ))
In terms of complexity, the first item in Lemma 14.6 shows that for a given index k,

Step 1.a can be done in time

o (m M (01) e (01) ).
1]
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Algorithm 34 — JORDANMULBYCRT
(Jordan residual via Chinese remaindering)

[nput:
e the Jordan matrix J*<") given by the standard representatlon

k k k k k
(( § )7D§,1))7"'7( ) D( p)(k)) (57(—(12)7D7(—(k) ) (gT(kw T(k) p(k)>>
e a matrix P € K[X]mxm,

,<m) _ [F(k7<m) F(k,gm) ] KmXZHDUC)

e a matrix F 1,1 (k) (k)

with Fg?gm) K™<P35 for all i .-
(k)
Output: the product P - Fk:sm) ¢ Km>2i; Di; 7.

1. For j from 1 to p®):

k,<m k,<m) k)\D¥) _
a. (F(,]jhlf‘)ced)1<z<7-(k)<_(F( ) [1 X— 5 (X—f( ))D” 1]T)1<i<7<k)
(k,<m) (k,<m k)
b. F] shifted CRT(( .7, shlfzed)1<z<7—(’“)7 (( 5( ) )1<z<7(k))
(k,<m) (k,<m) (k,<m) (k,<m)
2. [Gl,shifted e Gp<k>7shifted] — P[Fl,shifted e Fp<k),shifted]

3. For j from 1 to p*)

k,<m k,<m k)
a. (G(,j sh1fied)1<z<7—(k) — (G§',shifte)d mod ( 5( ) )1<z<7—(k)
k,<m) k,<m k,<m)
b. Gv(J,j A (Coeﬂ<szsh1f2ed<X +f¢( )7@)0<£<D§?
k,<m k,<m
4. Return [Ggf ). Gi(kip(l)]
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for a total cost of O(m M(D)log(D)). Step 1.b can be done in quasi-linear time as well:
for each k and j, we can compute each of the m entries of the polynomial vector Fﬁig@d

by fast Chinese remaindering (third item in Lemma 14.6), using

O(M($")10s ("))

operations in K, with Sj(.k) => Dg?. Taking all rows into account, and summing over
all indices k and j, we obtain again a total cost of O(m M(D)log(D)).

The next step to examine is the polynomial matrix product at Step 2. The matrix P
has size m x m, and the sum of its row degrees is by assumption O(D); using the partial
linearization technique presented in Section 12.2, we can replace P by a matrix of size
O(m) x m with entries of degree at most D/m.

For a fixed choice of k, the rlght hand side has size m x p¥), and its columns have
respective degrees less than S oS (’fk) We split each of its columns into new columns

of degree at most D/m, so that the jth column is split into O(1 + Sj 'm/D) columns
(the constant term 1 dominates when S](-k) < D/m). Thus, the new right-hand side has
O(p®) + (S%k) -+ S(<k))m/D) columns and degree at most D/m.

Now, taking all k into account, we remark that the left-hand side remains the same;

thus, we are led to do one matrix product with degrees D/m, with left-hand side of size
O(m) x m, and right-hand side having column dimension at most

ke{0,...,|log(D/m) | }u{co}

Since all p®) are at most m, the first term sums up to O(mlog(D/m)); by construction, the
second one adds up to O(m). Hence, by the super-linearity property Hum.., of Eq. (6.2),
the matrix product we are considering can be done in time O(MM(m, D/m)log(D/m)).

kvgm (kvgm)
For a given k, G sshifted> * * * Gp(k),shifted

the entries of G s’};;&)d have degree less than S%k) +dy,... ,S,gf) + d,,, respectively, where
dy,...,d,, are the degrees of the rows of P. In particular, for a fixed k, the reductions at
Step 3.a can be done in time

are vectors of size m. Furthermore, for each j

()
) p(k)(M(dl 4+t dm)) + mz M<S](k)> 10g<SJ(k))

j=1

using fast multiple reduction, by means of the second item in Lemma 14.6. Using our
assumption on P, and the fact that p*) < m, we see that the first term is O(mM(D)),
which adds up to O(mM(D)log(D/m)) if we sum over k. The second term adds up to
O(mM(D)log(D)), as was the case for Step 1.b.

The same analysis is used for the shlfts takm% g)lace at Step 3.b as for those in Step 1.a:
for fixed k and j, the cost is (’)(mM( log MY), and we conclude as above. »
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14.3. Computing interpolant bases with known minimal degree

14.3 Computing interpolant bases with known minimal
degree

In this section, we design a fast algorithm for computing the shifted Popov interpolant
basis when the shifted minimal degree is known, relying on our fast minimal interpolant
basis algorithm for almost uniform shift.

Let J be a Jordan matrix given by a standard representation, let F € K™ P let
s € Z™, and let § € ZZ, denote the s-minimal degree of Syz;(F). Then, denote by P the
s-Popov interpolant basis of Syz;(F'); we suppose that § is known a priori, and we want
to find P.

We recall from Section 1.2.1 that the shift d = —é leads to the same d-Popov inter-
polant basis P as the initial shift s, and furthermore that P can be easily recovered from
any interpolant basis which is simply d-reduced.

More precisely, Lemma 1.26 indicates that any d-minimal interpolant basis R for
Syz3(F) has column degree 8, and thus size at most m? + m|d|, which for D > m is in
O(mD). Yet, the fast algorithm in Section 13.2 for almost uniform shifts cannot directly
be used to compute such an R efficiently, since |d —min(d)| can be as large as ©(mD), for
example when § = (D, 0,...,0). In this case, according to Proposition 13.3, Algorithm 29
uses O"(m“D) operations in K to find R.

However, by Lemma 2.10, d = —4 satisfies

lmax(d) — d| < |6] = deg(det(P)) < D.

In other words, the shift d = —4d is almost uniform around its maximum value; notice
that Algorithm 29 is efficient for shifts that are almost uniform around their minimum
value. We solve this difficulty by relying on the partial linearization technique detailed
in Section 6.2 and Lemma 6.2, and used before in Algorithms 14 and 18 for computing
approximant bases in solution bases when the shifted minimal degree is known. This leads
us to Algorithm 35.

Proposition 14.11. Algorithm 35 is correct, and if D > m it uses

O(m*“~M(D) + m*M(D/m)log(D/m)* + m* ' Dlog(m) + mM(D)log(D)log(D/m))
C O(m“~'M(D)log(D)log(D/m))

operations in K.

Proof. We focus on the case D > m; otherwise, a better cost bound can be achieved even
without knowing & using dense linear algebra (see Proposition 4.18). The correctness of
the algorithm follows from Lemma 6.2.

Let us now prove the cost bound. First, according to Lemma 6.2 we have max(d) —
min(d) < [D/m], hence |d — min(d)| € O(D). Then, from Proposition 13.3, we directly
obtain that Step 4 is done within the above cost bound.

Besides, Step 3 can be done in O(mM(D)log(D)) field operations via Algorithm 32
for computing residuals, as explained in Lemma 14.12 below.
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Chapter 14. Details of new ingredients for interpolant bases

Algorithm 35 — MINDEGINTBAS
(Interpolant basis with known minimal degree)
[nput:
e a Jordan matrix J € KP*P in standard representation,
a matrix F € Km™*P,
a shift s € Z™,
the s-minimal degree § = (01, ...,6n) € ZZ; of Syz;(F).

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

1. 0 <+ [D/m],
a; < max(1,[9;/6]) for 1 <7< m,
m 4= aq + -+ ap,
2. & € Z7, as in Eq. (6.4)
d+ -8 €27,
3. £ € K[X]™™ as in Eq. (6.5)
F+<¢&¢-F // using JORDANMUL
4. R + SHIFTMININTBAS(F, J, d)

5. Return the submatrix of Img(R)'RE formed by the rows at indices
o+t forl <i<m
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14.3. Computing interpolant bases with known minimal degree

Lemma 1.26 proves that the sum of the column degrees of R is |g |, which is equal to
|8| by construction (see Eq. (6.4)). Then, Lemma 2.10 implies that 16| < D. As a conse-
quence, the product Imgq(R)™!'R. at Step 5 can be done in O(m“~!D) operations, by first
linearizing the columns of R into a m x (m+ |8|) matrix over K, then left-multiplying this
matrix by lmg(R)™! (itself computed using O(m®) operations), and finally compressing
back the columns to obtain the result. Because of the degrees in P and the definition of
E (see Eq. (6.5)), the output in Step 5 can be formed from this product without using
any arithmetic operation. M

The efficient computation of £ - F can be done with the algorithm JORDANMUL for
computing residuals detailed in Section 14.2.

Lemma 14.12. The product € - F at Step 3 of Algorithm 35 can be computed using
O(mM(D)log(D)) operations in K.

Proof. This matrix £ - F has m rows, with m < 2m according to Lemma 6.2. Besides, by
definition of &, each row of £ - F is a product of the form X® - F, ., where 0 < i < m,
1 < j <m,F;, denotes the row j of F, and § = [D/m| as in Lemma 6.2. In particular,
10 < 2D: then, according to Proposition 14.3, each of these m products can be computed
using O(M(D)log(D)) operations in K. »

This lemma and the partial linearization technique in Lemma 6.2 can also be used to
compute the residual at Step 2.c of Algorithm 30, that is, a product of the form P - F
with the sum of the column degrees of P bounded by D. First, we expand the high-degree
columns of P to obtain P € K[X]™*™ of degree less than [D/m] such that P = PE&; then,
we compute F=¢ - F; and finally we rely on the algorithm supporting Proposition 14.3
to compute P - F = P - F efficiently. This proves Corollary 14.4.

279



Chapter 14. Details of new ingredients for interpolant bases

280



Part V

Normal forms of polynomial matrices
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15

Shifted Popov forms

In this chapter, we consider the problem of computing the shifted Popov form of a non-
singular polynomial matrix A € K[X]™*™ (Problem 15 and Section 3.2).

After explaining our interest in cost bounds involving the generic determinant bound
Da, we give the details of how we exploit partial linearization [GSSV12| to reduce the
degree of the input matrix to being at most Da (Theorem 3.5). As a consequence, any
algorithm with cost bound O™ (m® deg(A)) for Problem 15 can be modified to obtain the
cost bound O™ (m*[Da /m]).

Then, we show how Smith form computations leads to reducing shifted Popov form
computation to systems of linear modular equations. This reduction is efficient thanks to
algorithms in [Sto03, Gupll], leading to the first algorithm which computes the shifted
Popov form of A in O7(m® deg(A)) for an arbitrary shift.

15.1 The generic determinant degree bound

Here, we recall the definition of the generic determinant bound |[GSSV12|. Concerning the
computation of normal forms of polynomial matrices, we also detail why we are interested
in having cost bounds that are quasi-linear in this parameter, rather than in the degree
or the average column degree of the input matrix.

For a nonsingular m x m matrix A € K[X]™*™  the degree of the determinant of A
provides a good measure of the size of the output P in the case of shifted Popov form
computation. Indeed, if we denote by & = (d1,...,d,,) the degrees of the diagonal entries
of P, then we have deg(det(A)) = deg(det(P)) = 6; + --- + 5. In what follows, we
write || for the sum of the entries of a tuple § € ZZ, with nonnegative entries. Since the
diagonal entries are those of largest degree in their respective columns, we directly obtain
that P can be represented using m? + m|d| = m? + m deg(det(A)) field elements.

The size of the input A can be measured in several ways; those below all involve an
upper bound on deg(det(A)). A first, coarse bound is given by the maximum degree of the
entries of the matrix: A can be represented by m?+m? deg(A) field elements. On the other
hand, by definition of the determinant we have that deg(det(A)) < mdeg(A). A second,
finer bound can be obtained using the average of the row degrees and of the column de-
grees: the size of A in terms of field elements is at most m?+m min(|rdeg(A)|, |cdeg(A)]);
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again we have the related bound
deg(det(A)) < min(|rdeg(A)], |cdeg(A)]).

An even finer bound on the size of A is given by the generic determinant bound. This
notion was introduced in [GSSV12, Section 6] in conjunction with partial linearization for
the purpose of managing the non-uniformity of the degrees in the manipulated matrices.
For A = [a;;];; € K[X]™™, this quantity is defined as

Dp = max Z deg(a; ) (15.1)
1<i<m
where S,,, is the set of permutations of {1,...,m}, and where

- 0 if p=0
deg(p):{ deg(p) if p#0

By definition, we have the inequalities
deg(det(A)) < Da < min(|rdeg(A)], |cdeg(A)[) < mdeg(A),

and it is easily verified that A can be represented using m? + 2mDy field elements.
Thus, in shifted Popov form computation as in Problem 15, both the input and the
output have average degree in O(Da/m) and can be represented using O(m?[Da/m])
field elements. Furthermore D gives a more precise account of the degrees in A than
the average row and column degrees, and an algorithm with cost bound O™ (m“[Da/m])
is always faster, sometimes significantly, than an algorithm with cost bound O™ (m“[s])
where s is the average column degree or the average row degree, let alone s = deg(A).

Remark 15.1. Let us justify why this can sometimes be significantly faster. We have seen
that Da/m is bounded from above by both the average column degree and the average
row degree of A. It turns out that, in some important cases Da /m may be substantially
smaller than these averages. For example, consider A with one row and one column of
uniformly large degree d and all other entries of degree 0:

@ [ o [d)
ac [E Bl
@ [0 (0]

In this example the average row degree and the average column degree are both exactly
d while the generic determinant bound is d as well. Here, Da/m = d/m is much smaller
than d = deg(A) = |rdeg(A)|/m = |cdeg(A)|/m. *
15.2 Reducing to almost uniform input degrees

We have explained in Section 15.1 our interest in obtaining a cost bound which involves
the generic determinant bound, to take into account the fact that the degrees of the input
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matrix are possibly unbalanced. The goal of this section is to give a reduction from the
general case of shifted Popov form computation to the case where the degree of the input
matrix A is in O([Da/m]). For this, we make use of the partial linearization techniques
in [GSSV12, Section 6], leading to Theorem 3.5.

To get a rough idea of how partial linearization works and how it benefits normal form
computation, consider the matrix

Al X3+ X
X XM 41

In this case the column degrees of the matrix are quite unbalanced as 1 and 41 have an
average column degree of 21. However we can create a second matrix, of slightly larger
dimension, as

1 X X1
LSA)=|X 1 XV
0 —X?2 1

which shares some nice properties with A (here, the superscript “c” is used to indicate
that we are doing column partial linearization). This matrix is constructed by dividing
the second column into its two X??-adic coefficients (rows 1 and 2) and then including an
additional row (row 3) which provides the single column operation which would undo the
division. Thus by construction this matrix is left-unimodularly equivalent to

1 X¥+X 0
X X410
0 —-X2 1

and it is easily seen that the Hermite form of A will be given by the 2x 2 leading submatrix
of the Hermite form of £§(A). As such we rely on the computation of the Hermite form
of a matrix, not much larger than the original matrix, but having the nice property that
the degrees are much more uniformly distributed.

15.2.1 Column partial linearization

Column partial linearization of A transforms the columns of large degree into several
columns of lower degree, and for each new column it also augments A with some type of
elementary rows. The latter rows allow us to preserve properties of the matrix, including
for example its determinant, its Smith form, and most importantly for us its shifted Popov
form, up to the use of a well-chosen shift. We first describe the elementary rows. In the
definition below, é is typically, but not necessarily, the column degree of A.

Definition 15.2. Let § = (61,...,0m) € ZZ) and 6 = 1+ (61 + -+ + ) /m]. For
each i € {1,...,m}, write 6; = (a; — 1)0 + B; with oy > 1 and 0 < B; < 0, and let
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m =y + -+ am. Define the expansion-compression matriz £ € K[X]™*™ as
_ . -
1
X<5
€ =1 y-1s (15.2)
X6
X(oz,;lfl)é

and the matriz Ts € K[X]™=™>*™ g5 follows:
(i) for 1 < i< m such that a; > 1, the row (cy — 1) + -+ + (-1 — 1) + 1 of T5 is
[() ch 0 = X0 --- 010 --- 0}

with the entry 1 at index m + (g — 1) + -+ + (a;—1 — 1) + 1 and the entry —X° at
mdex 1,

(i) forT<i<mand2<j<a;—1, therow (g — 1)+ -+ (a1 — 1)+ j of Ts is
0 -0 —-X"10 - 0]

with the entry 1 at index m + (a; — 1) + -+ 4+ (a1 — 1) + .

By construction the (m — m) x (m — m) submatrix of T formed by its rightmost
m —m columns is lower triangular with 1 on the diagonal, and hence is unimodular. This
will play an important role in the properties of the partial linearization of A. Notice also
that T5& = 0.

The column partial linearization of a matrix A is formed by this block T of elementary
rows, and by another block of m rows containing the expanded columns of A. The -th
column of A is expanded into «; columns, all having degree at most d except possibly the
one which contains the highest degree entries, whose index is denoted by p;.

Definition 15.3. Let A € K[X]™*™ and § = (d1,...,0m) € ZZ,. Using the notation in
Definition 15.2, let py, ..., pm with

— i ifaizl,
O FIORERST

The column partial linearization of A is the matriz L5(A) € K[X]™ ™ defined by:

(i) the last m —m rows of L§(A) are T,
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(ii) the first m rows of LS(A) form the unique matrizc A € K[X]™™ such that A =
AE and A has all columns of degree less than & except possibly those at indices
Ly s P

Ezample 15.4 (Column partial linearization). Let K be the finite field with 97 elements.
Using a computer algebra system, we choose A € K[X]*** with prescribed degrees and
random coefficients from K. Instead of showing the entire matrix let us only consider the
degree profile which in this case is

2] [10] [63] [5]
A |73 [51] [95] [69)

4] [5] [48] [7]]”

[10] [54] [75] [6]

where [d] for d € Z-, indicates an entry of degree d. We take & = (2,54, 95, 7) rather than
the column degrees of A, for reasons that we make clear below, in Section 15.2.3 and Ex-
ample 15.7. Then the degree of linearization is 6 = 40, and we have («ay, s, as,aq) =
(1,2,3,1). This implies that columns 1 and 4 of A will not be expanded, column 2 of A
will be expanded into 2 columns, and column 3 of A will be expanded into 3 columns.
Thus, m = 7 and the indices of the columns containing the high-degree entries for each
column of A are (p1, p2, p3, p4) = (1,5,7,4). Then

2] (10 [39] 5] 0 [23 0
75 [39]  [39] [69] [11] [39] [15]
R Y R ) O U T
s(A)= [[10] [39]  [39] [6] [14] [35] 0O
0 —x% o 0o 1 0 0
0 0 —X° 0o o0 1 0
0 0 0 0 0 -—x% 1|

The key observations now are that the dimensions of £5(A) are not much larger than
that of A, and that shifted Popov forms of A can be retrieved as the trailing submatrix
of shifted Popov forms of L§(A).

Lemma 15.5. Let A € K[X]™™ be nonsingular, let s € Z™, and let P € K[X]™™ and
H < K[X]™*™ be the s-Popov form and the Hermite form of A. Let further § € Z%, and

let £ = E)} and Ty € K[X]Mm=m)>7 be qs in Definition 15.2. Then,
(i) m<m<2m;

(11) if cdeg(A) < & componentwise then deg(LG(A)) <0 =1+ [|d|/m];

(iii) for anyt € Z™™, the (s,t)-Popov form of LS(A) [

(iv) for anyt € Z™ ™, if min(t) > max(s)+deg(P) then the (s, t)-Popov form of L5(A)

4

P
R

0
I

I 0O
E I

where R is the remainder of —E modulo P;
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Chapter 15. Shifted Popov forms

(v) the Hermite form of L5(A) is {H 0} , where R is the remainder of —E modulo H.

R I

Proof. Using the notation in Definition 15.2, we have § = 1 + [|d]/m], as well as o; =
1+ [6;/0] <14 md;/|d| for all i. Hence

m=oy+- -+ ay, < Z (14 md;/|8]) =2m

1<i<m
which gives part (7).
Part (i) directly follows from the construction of £§(A): the i-th column of A is split

into «; columns in £$(A), all of degree at most § except possibly one, which has degree
at most 3; < 0 if we have d > cdeg(A) componentwise.

. . |P 0f. . . . .
Concerning (7ii), the matrix [ 0 I} is obviously in (s, t)-Popov form; it remains to

I 0
E I|

Let T denote the (m—m) x (m—m) submatrix of Ts formed by its rightmost columns.
Since T is unit lower triangular, it is unimodular. Let also U be the unimodular matrix
such that UP = A. Then, by construction of £§(A) and since T5& = 0, we have

sl 1) [o 7)< [o 2o

being a unimodular matrix.

prove that it is left-unimodularly equivalent to £§(A)

. U =«
with [ 0o T
Now, we prove (7ii). From (ii), £L5(A) is left-unimodularly equivalent to

P o][I o] ' [P O][I 0] [P o0
0O I|E I |0 I||-E I| |-E I|°
Then, let R be the remainder of —E modulo P, that is, the unique matrix in K[X](m—m)xm

which has column degree bounded by the column degree of P and such that —E = QP+R
for some matrix Q (see Lemma 1.24). Then,

I ol[P 0] [P O
NI
is left-unimodularly equivalent to £§(A). Now, since deg(R) < deg(P), the right-hand
side is in (s, t)-ordered weak Popov form by choice of t; since furthermore cdeg(R) <
cdeg(P), this right-hand side is in (s, t)-Popov form.
The item (v) follows from (iv) since the Hermite form of A is its h-Popov form for the
shift h = (0,mdeg(A),...,m(m — 1)deg(A)). Then, (iv) shows that for a well-chosen

g (I) is in (h,t)-Popov form and left-unimodularly equivalent to
L5(A); since it is in Hermite form, the conclusion follows. n

shift t, the matrix

To use the item (iv) in the usual case where deg(P) is unknown, one may choose the
shift t by relying on the inequalities deg(P) < deg(det(P)) = deg(det(A)) < mdeg(A).
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15.2.2 Row partial linearization

The previous section shows how to reduce the non-uniformity of the degrees of the columns
of A, at least if one takes the linearization parameters as § = cdeg(A). Now, we perform
a similar action on the rows of A.

For a matrix A € K[X]™*™ and a tuple § € ZZ, one defines the row partial lineariza-
tion L5(A) of A in a similar way as its column partial linearization. Precisely, these
linearizations are linked by the identity £5(A) = L$(AT)T. However, we cannot directly
rely on the results above as we are interested in [eft-unimodular equivalence (that is, using
row operations) and not right-unimodular equivalence (that is, using column operations)
we cannot simply make use of the results from the previous section. Instead here we give
properties of the row partial linearization of A related to left-unimodular equivalence.

Lemma 15.6. Let A € K[X]™ ™ be nonsingular, let s € Z™, and let P € K[X]™*™ and
H € K[X|™™ be the s-Popov form and the Hermite form of A. Let further 6 € ZZ.
Then,

(i) for any shift t € Z™ ™ such that min(t) > max(s) + deg(P), the (s,t)-Popov form

of L5(A) has the form {1: (I)} ;

(1i) the Hermite form of L5(A) has the form [I;I (I)}

Proof. Let £ = [I} and T € K[X](™=™)*™ he as in Definition 15.2. Let then T denote

E
the transpose of the (m —m) x (m —m) submatrix of T formed by its rightmost columns.
Since T is unimodular, and since £7T,; = 0, we have by construction

o )= [5 ]

where B € K[X](™~™)*™ is the bottom-left block of £}(A) left-multiplied by T—'.
Now, let R € K[X]™~™)*™ he the remainder of B modulo P (see Lemma 1.24), let
Q be the matrix such that B = QP + R, and let U denote the unimodular matrix such

that P = UA. Then,
U O0/|A 0 [P O
-QU I||B 1| (R I

is left-unimodularly equivalent to £5(A). Finally, since deg(R) < deg(P) and cdeg(R) <

cdeg(P), the choice of t implies that [E (I) is in (s, t)-Popov form.
Concerning the case of the Hermite form, the exact same arguments as in the proof
of Lemma 15.5 give the conclusion. M
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15.2.3 Reducing the degrees in shifted Popov form computation

The properties of row and column partial linearizations given above imply that, for any
tuples d and « and for well-chosen shifts t, u, the s-Popov form of A appears as a sub-
matrix of the (s, t,u)-Popov form of A = LL(L§(A)). Furthermore, from part (i) of
Lemma 15.5 we also know that A is 1 x 1 with m < m < 4m. Thus, to obtain The-
orem 3.5, it remains to give a choice of 4 and ~ such that the degree of A is at most
2(1 + Da/m). For this, we use ideas from [GSSV12, Section 6].

Let 7y, m € K™ ™ be permutation matrices such that m Amy = [a;5];; satisfies
deg(a;;) > deg(ay;) for all 1 < i <mand i <i,j < m. (15.4)

Of course these permutations (7, m2) may not be unique: in what follows, we fix any such
pair of permutations. It can be found in O7(m?) integer comparisons by sorting the m?
triples {(deg(ai;),%,),1 < i,j < m} in non-increasing order, where a;; is the coefficient
of A at index (3, j).

If we define d = (dy, ..., dy) € ZZ, by

di = { 0 otherwise. (15.5)

then d; + --- + d,, < Da by definition of Dy in Eq. (15.1). Set § = dm,*, where d is
seen as a row vector. Then v = rdeg(L5(A)) leads to the desired degree property. Before
proving this, let us first observe it on the matrix of Example 15.4.

Ezample 15.7 (Reducing the input degrees). Let A be the matrix from Example 15.4.
One can verify that Dy = 199 = 75 + 54 4+ 63 + 7. Also

010 0][[2 [10] 63 [5]70o 0 0 1
An _ |00 0 1| |[75] [51] [95] [69]| [0 1 0 O
A= 00 0 1 0| |4 [5] 48 [7|]1 0 0 0
1 0 0 0 |[10] [54 [75] [6]] [0 0 1 0

[[95] [51] [69] [75]

_ | [75] [54] 6] [10]

48] [5] [ [4]

[63] [10] [5] [2]

This gives d = (95,54,7,2) and d = (2,54,95,7), with 95454 + 7+ 2 = 158 < Da. The
matrix £5(A) has its degrees as shown in Example 15.4, and in particular we have

v = rdeg(L5(A)) = (39, 75,39, 39, 40, 40, 40).
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Thus, we obtain

2] (0] 39 [5] 0 [23 0 0
[44)  [39]  [39] [44] [11] [39] [15] —X*
) B Bl Wm0 B 0 o
0 0 -X1 0 0 1 0 0
0 0 0 0 0 —-X* 1 0
[[30] 0 0 [24 0 0 0 I
which has degree 45 = [|v|/7]. This is less than 50 = [Da /4]. #

Coming back to the general case, we want to prove that L (L5(A)) € K[X]™™ has
degree at most 3(1 + Da/m). First, we show that the sum of the components of ~ is less
than 2m + 3Da. Indeed, writing m for the dimension of £§(A), by construction the last
m —m rows of L£5(A) have degree at most 1+ |d|/m and its first m rows have degree at
most [max(1 + |d|/m, (7, 'd);)]1<i<m componentwise, where d is considered as a column
vector and (77 'd); stands for the i-th entry of 7;'d. Therefore,

ly| < m(1+|d|/m) + |77 'd| < 2m + 3|d| < 2m + 3Da.

Then, since v = rdeg(L%(A)) the result in item (i) of Lemma 15.5 translated for row
partial linearization ensures that the degree of the matrix LI (L£§(A)) is at most

2m + 3D,
1+ [|Jyl/m] < 1+% = 3(1+ Da/m).

15.3 Fast, probabilistic computation of the shifted Popov
form

Now, we present our fast algorithm to compute the shifted Popov form of polynomial
matrix. It combines the partial linearization above with two main tools: known algorithms
related to Smith form computation, and the fast algorithm of Chapter 8 for finding shifted
Popov solution bases.

We first put aside the partial linearization, and show the correctness of the following
two-step approach for computing the s-Popov form of a nonsingular A € K[X]™*™:

e Compute the Smith form of A, giving the moduli 91, and compute a corresponding
right unimodular transformation, giving the equations F;

e Return the s-Popov solution basis of Syzg,(F).

Lemma 15.8. Let A € K[X|™*™ be nonsingular and let S = UAV be the Smith form of
A, where U and V are unimodular matrices. Then, let M € K[X], and F € K[X]™*™
be such that S = diag(MM) and F =V mod M. Then Syzy,(F) is the row space of A.
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Proof. Equivalently, we want to prove that A is a solution basis of Syzy(F). Consider
a polynomial vector p € K[X]'*™. If p is in the row space of A, then p is a solution
of Syzy(F) since AV = U~ ldiag(9) with U™! over K[X]. On the other hand, if pF =
0 mod M, then pV = gS for some q, and therefore p = qUA, which is in the row space
of A. M

Concerning the cost of the first step, the Smith factors 9t and the reduced right-
unimodular transformation F can be obtained in expected O™ (m® deg(A)) operations
[Gupl1, Theorem 4.8]. To summarize, this is done by computing

a. R a row reduced form of A [GSSV12, Theorem 18|,
b. diag() the Smith form of R [Sto03, Algorithm 12|,
c. (*,F) a reduced Smith transform for R |[Gupll, Figure 3.2|;

we remark that Steps b. and c. should be performed in conjunction with the precondi-
tioning techniques detailed in [KKS90] (see for example the proof of [Gupl1, Theorem 4.8|
and the algorithm in [Gupll, Figure 6.1]). Of course, one may take for 9t only the non-
trivial Smith factors, and for F only the nonzero columns of the reduced transform.

Since the product of the moduli in 91 is det(A), up to multiplication by a nonzero con-
stant from K, the sum of their degrees is deg(det(A)). Then, according to Theorem 2.22,
the algorithm outlined above costs allow us to compute the shifted Popov form of A
in expected O™ (m® deg(A)) field operations. Introducing back the preliminary partial
linearization of A, we now give the details of the full algorithm.

Proposition 15.9. Algorithm 36 is correct. If the cardinality of the field K is at least
8(4m)3(3 4 3Da/m), then this algorithm computes the s-Popov form of A in a Las Vegas
fashion, using an expected number of O~ (m“[Da/m]) operations in K.

Proof. We use notation from the algorithm. According to Lemma 15.5, the s-Popov form
P of A is the principal m x m submatrix of the u-Popov form of the matrix A. This
result also ensures that the u-Popov form of A has degree at most deg(P) < mdeg(A).
As a consequence, the choice of v is such that, according to Lemma 15.6, the u-Popov
form of A is the principal m x m submatrix of the v-Popov form Q of A. Thus, P is the
principal m x m submatrix of Q.

On the other hand, Lemma 15.8 implies that the v-Popov solution basis P of Syzyy,(F)
computed at Step 3 is also the v-Popov form of A, that is, P = Q, hence the correctness.

Let us now prove the cost bound. Steps 1 and 4 do not use field operations. From the
discussion in Section 15.2.3, we have that A is as in Theorem 3.5: its degree deg(A) is less
than 3(1+ Da/m), and its dimension 7 is less than 4m. Then, the computation of S and
F in Step 2 can be done in a Las Vegas fashion in an expected number of O™ (m®“[Da/m])
operations in K [Gupl1, Theorem 4.8| (the preconditioning is detailed in the proof of that
result, as well as in [Gupl1, Figure 6.1]). This relies in particular on [Sto03, Algorithm 12]
for Smith form computation.

On the other hand, we have

deg(my) + - - - + deg(m,,) = deg(det(S)) = deg(det(A)) = deg(det(A));
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Algorithm 36 — SPOPOVFORM
(Shifted Popov form of a polynomial matriz)

Input:

e a nonsingular matrix A € K[X]™*™,
e a shift s € Z™.

Output: the s-Popov form of A.

1. /* Partial linearization */
71, Ty € K™*™ «— permutations such that m; Ay satisfies Eq. (15.4)
d € Z%, + nonnegative diagonal degrees of m;Am, as in Eq. (15.5)
A € K[X]™xm Lo 1(A)
u € Z™ <+ (s,max(s) + mdeg(A),...,max(s) + mdeg(A))
A e K[X]mxm — Eideg(};)(A)
v € Z" + (u,max(s) + 2mdeg(A), ..., max(s) + 2mdeg(A))
2. /* Reduced Smith transform - details in [Gupll, Theorem 4.8] */
S < the Smith form of A
G < matrix such that G = V mod S for a right Smith transform V
M <« nontrivial factors (my,...,m,) of S // S =diag(1,...,1,9M)
F € K[X]™" < nontrivial columns of G // G =0 F]
3. /* Solution basis computation */

P « FASTPOPOVSOLBAS(9, F, v) // Algorithm 18

4. Return the principal m x m submatrix of P
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Chapter 15. Shifted Popov forms

hence, according to Proposition 8.17, Step 3 uses O"(m*~! deg(det(A))) operations. Since
deg(det(A)) < Da, the conclusion follows. »

We remark that, if one is satisfied with an algorithm with cost bound O(m* deg(A)),
then the partial linearization at Step 1 can be skipped, and the condition on the size of
the base field can be relaxed (see [Gupll, Theorem 4.8]): it is enough if its cardinality is
at least 8m3 deg(A).
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16

Hermite form and determinant

The material presented in this chapter is the result of a joint work with George Labahn
and Wei Zhou [LNZ16].

For a given nonsingular polynomial matrix A in K[X]|™*™ one can unimodularly
transform A into a triangular form. Triangularizing a matrix is useful for solving linear
systems and computing matrix operations such as determinants or normal forms. In the
latter case, the best-known example is the Hermite normal form, first defined by Hermite
in 1851 in the context of triangularizing integer matrices [Her51|. Here,

h1x
N .

with the added properties that each h;; is monic and deg(h;;) < deg(hy;) for all j < 7.
Classical variations of triangularization include specifying row rather than column forms,
in which case the unimodular matrix multiplies on the left rather than the right, and
specifying upper rather than lower triangular forms.

Remark 16.1. In this chapter, unlike in many others in this document, we work with
column spaces of the matrices rather than row spaces: we study the computation of
Hermite forms for right-unimodular equivalence, thus focusing on the module generated
by the columns of the input matrices. -

In this chapter, we give efficient algorithms to compute the Hermite form and the
determinant of a nonsingular polynomial matrix. Since the Hermite form is a particular
shifted Popov form for a specific shift, it can be computed efficiently by the algorithm
given in Chapter 15. However this algorithm is probabilistic; our goal here is to exploit
the triangular shape of the Hermite form to compute it efficiently and deterministically.
From such a triangular form, it is natural to ask the question of retrieving the determinant
of the matrix, which is the product of the diagonal entries up to some constant factor
that remains to be determined. We show how this can be done via a modification of our
triangularization algorithm.

In Section 16.1 we give preliminary information on column bases of polynomial matri-
ces. Section 16.2 contains our fast algorithm for finding the diagonal entries of a triangular
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form, followed in Section 16.3 by a modification in order to find the determinant. The
computation of the whole Hermite form is then given in Section 16.4; it exploits the known
diagonal degrees of the Hermite form to solve the problem via fast deterministic column
reduction.

16.1 Preliminaries: column bases

Here, we present one of the building blocks used in our algorithms, namely the concept
of column basis for a polynomial matrix.

A column basis of a matrix A € K[X]|™*" is a basis of the column space of the matrix
A. We recall that the column space of A is the K[X]-module {Ap, p € K[X]|"*'}, which
is free of rank p < min(m,n). Such a basis can be represented as a full rank matrix in
K[X]™** whose columns are the basis elements. As detailed in Section 1.1.1, any column
basis right-multiplied by a unimodular matrix gives another column basis.

FExample 16.2. Let

A= 6X +1 2XP+ X2 +6X +1 3
T AXP 4+ 5XY+4X2+ X 6X°+5XP4+2X%+4 XP45X34+6X%2+5X

be a 2 x 3 matrix over Z;[X] having column degree s = (5,5,4). Then a column basis B,
and a kernel basis N, of A are given by

6X%+4X5+5X*+3X3+4X%2+1
5X+5 1 f 5 A
B = 3 ] and N = 4X*+5X% + X2 +6X
AXT 4+ 4X0 +4X° +4X3 4+5X2+3X +2

For example, if b; and by denote the columns of B, then the third column of A, denoted
by ag, is given by

az = (4X° +3X>+6X +5)b; + (X*+4X*+ X +6)b,.

Here cdeg,(N) = (11). Besides, the shifted leading matrix

6
Img(N) = |0
4
has full rank, hence we have that N is an s-minimal kernel basis of A. &

Fast algorithms for kernel basis computation and column basis computation are given
in [ZLS12] and in [ZL13], respectively. In both cases they make use of fast methods from
[BL94, GJVO03, ZL12| for computing approximant bases, and they admit the following
cost bounds.

Theorem 16.3. Let A € K[X]™" with m < n and m € O(n), and let s = cdeg(A).
Then, there exist deterministic algorithms which compute

(i) an s-minimal kernel basis for A using O~ (n*[s]) field operations,
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(it) a column basis of A using O"(n“[s]) field operations,
where s = [s|/n is the average column degree of A.

For more details, we refer the reader to [ZLS12, Theorem 4.1| and |[ZL13, Theorem 5.6].
We remark that, whereas we gave in Section 12.3 a detailed cost bound with logarithmic
factors concerning kernel basis computation, we do not yet have such a detailed cost for
column basis computation. Therefore, in this chapter, we will omit logarithmic factors in
the costs.

16.2 Computing the diagonal entries of a triangular
form

In this section we show how to determine the diagonal entries of a triangular form of a
nonsingular matrix A € K[X]™*" with A having column degree s. Our algorithm makes
use of fast kernel and column bases computations.

As mentioned in Section 3.2.3, we consider unimodularly transforming A to

. B, 0
av-p [P 0]

(16.1)
which eliminates a top right block and gives two square diagonal blocks B; and B, in B.
After this block triangularization step, the matrix is now closer to being in triangular form.
Applying this procedure recursively to B; and Bs, until the matrices reach dimension 1,
gives the diagonal entries of a triangular form of A. These entries are unique up to
multiplication by a nonzero constant from K, and in particular making them monic yields
the diagonal entries of the Hermite form of A.

In this procedure, a major problem is that the degrees in the unimodular multiplier
U can be too large for efficient computation. For example, the matrix

1 0 0 0
-XxX4 1 0 0
: L. o0
0 e 0 =X7 1

of degree d > 0 is unimodular and hence its Hermite form is the identity. However the
corresponding unimodular multiplier is

1 0 0 0
X4 1 0 0
U= | x¥ x4 1 0l
L
X(n—l)d B € C A |

with the sum of the degrees in U being in ©(nd), beyond our target cost O(n“d).
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16.2.1 Fast block elimination

Our approach is to use fast kernel and column basis methods to efficiently compute the
diagonal blocks B; and By while at the same time avoiding the computation of all of U.
_ A, . .
Partition A = ALl with A, and A, consisting of the upper [n/2] and lower |n/2]
d

rows of A, respectively. Then both upper and lower parts have full rank since A is
assumed to be nonsingular. By partitioning U = [Ue UT}, where the column dimension
of U, matches the row dimension of A,, then AU = B becomes

ajwov=[ )]

Notice that the matrix By is nonsingular and is therefore a column basis of A,. As such
this can be efficiently computed as mentioned in Theorem 16.3. Then, in order to compute
B, = A,U,, notice that the matrix U, is a right kernel basis for A,, which makes the
top right block of B zero.

The following lemma states that the kernel basis U, can be replaced by any other
kernel basis for A, thus giving another unimodular matrix that also works.

Lemma 16.4. Partition A = [2"} and suppose By is a column basis of A, and N a
d

kernel basis for A,. Then there is a unimodular matrix U = [* N} such that

AU:{Bl 0}7

* B2

where By = A4N. If A s square and nonsingular, then By and By are also square and
nonsingular.

Proof. This follows from [ZL13, Lemma 3.1]. »

Note that we do not compute the blocks represented by the symbol *. Thus Lemma 16.4
allows us to determine B; and B, independently without considering the computation of
the unimodular matrix. This procedure for computing the diagonal entries is presented
in Algorithm 37. The cost of this algorithm is given below in Proposition 16.6.

16.2.2 Computational cost and example

Before giving a cost bound for our algorithm, let us observe its correctness on an example.

Ezxample 16.5. Let us consider the matrix

6X +1 2X3 + X2 +6X +1 3
A= 4X°+5X* +4X?+ X 6X°+5X*+2X3+4 X*4+5X34+6X2+5X],
2 2X5 +5X*+5X3+6X2 6

300



16.2. Computing the diagonal entries of a triangular form

Algorithm 37 — HERMITEDIAG
(Diagonal entries of the Hermite form)

Input: a nonsingular matrix A € K[X]|"*".
Output: the list d € K[X]™ of diagonal entries of the Hermite form of A.

1. fn=1:

a. write A = Ad with A € K and d € K[X] monic
b. Return d

2. Else:

a. write A = [i”}, where A, consists of the top [n/2] rows of A
d

b. B; «+ COLUMNBASIS(A,) // [ZL13, Algorithm 2]
c. N+ MINKERBAS(A,, cdeg(A)) // using Algorithm 26
d. B, + A;N // using Algorithm 25
e. d; < HERMITEDIAG(B;)

f. dy + HERMITEDIAG(B,)
g. Return [dy, d;)]
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working over Z7[X]. Considering the matrix A, formed by the top two rows of A, then
a column basis By and kernel basis N of A, were given in Example 16.2. If A, denotes
the bottom row of A, then this gives diagonal blocks

5X 45 1
w7

and
By = AgN = [X? +2X5 + X7+ 4X0 4+ 6X° + 4X* + 3X° + 3X?% + 4X].

Recursively computing with By, we obtain a column basis and kernel basis of the top row
B, , of By, as

~ c 1

B, =[1] and N= [2X+2} :
If B, 4 denote the bottom row of By, we get BQ = BLdN = [2X + 5], which gives the
second diagonal block from B;. Thus we have the diagonal entries of a triangular form
of B;. On the other hand, since B, is already a 1 x 1 matrix we do not need to do any
extra work. As a result we have that A is unimodularly equivalent to

1
* * X9 42X8 4+ X7+ 4X0+6X°+4X*+3X3+3X2+4X

giving, up to making them monic, the diagonal entries of the Hermite form of A. #

Proposition 16.6. Algorithm 37 is correct and uses O™ (n*[s]) operations in K, where
s = |cdeg(A)|/n is the average column degree of A.

Proof. The correctness follows from the material in Section 16.2.1.

Concerning the cost bound, the three main operations are computing a column basis
of A,, computing a kernel basis N of A,, and multiplying the matrices A;jIN. We recall
that s = cdeg(A), and we set £ = |s|, an integer used to measure size for our problem.

For the column basis computation, by Theorem 16.3 we know that a column basis B; of
A, can be computed in O7(n“[s]) operations. By [ZL.13, Lemma 5.1| the column degrees
of the column basis B, are also bounded by the original column degrees s. Similarly, from
Theorem 16.3, computing a s-minimal kernel basis N of A, costs O7(n*[s]) operations,
and by [ZLS12, Theorem 3.4] the sum of the s-column degrees of the output kernel basis
N is bounded by €&.

For the matrix multiplication A;IN, we have that the sum of the column degrees of
A, and the sum of the s-column degrees of N are both bounded by &, with cdeg(A,) < s.
Therefore, up to inserting zero rows in A, and zero columns in N to make them square,
Proposition 12.5 applies and the multiplication can be done with a cost of O7(n“[s])
using Algorithm 25. (To be more precise, one would run this algorithm on the transposed
matrices and take the transpose of the result.)

As a result, if we let the cost of Algorithm 37 be g(n) for an input of dimension n then

g(n) € O (n”[s]) +g([n/2]) + g([n/2]).
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As s = £/n depends on n we use O (n¥[s]) = O (n“(s+ 1)) = O (n“"'¢ + n¥) with &
not depending on n. Then we solve the recurrence relation as

g(n) € O"(n*7'¢ +n*) +g([n/2]) + g([n/2])
C O (n ¢ +n*) +2g([n/2])
C O (e +n) = O (n“[s]). »

16.3 Fast computation of the determinant of a polyno-
mial matrix

In this section, we show how to recursively and efficiently compute the determinant of
a nonsingular matrix A € K[X]"*™ having column degree s = cdeg(A). Our algorithm
follows a strategy similar to the recursive block triangularization in Section 16.2, making
use of fast kernel basis and column basis computation.

Indeed, after unimodularly transforming A to

AU:B:{Bl 0]

* B2
as in Eq. (16.1), the determinant of A can be computed as

_det(B)  det(B;)det(By)

det(A)_det(U)_ det(U)

(16.2)

which requires us to first compute det(B;), det(B3), and det(U). The same procedure can
then be applied to compute the determinant of B; and the determinant of By. However,
as U is unimodular we will handle its determinant differently. This can be repeated
recursively until the dimension becomes 1.

One major obstacle for efficiency of this approach is that we do want to compute the
scalar det(U), and as noted in Section 16.2, the degrees of the unimodular matrix U can
be too large for efficient computation. To sidestep this issue, we will show that det(U)
can be computed with only partial knowledge of the matrix U. Combining this with the
method of Section 16.2 to compute the matrices B; and By without computing all of B
and U, we obtain an efficient recursive algorithm.

Remark 16.7. In some cases, the computation of the determinant is easily done from
the diagonal entries of a triangular form. Indeed, let A € K[X]|"*" be nonsingular and
assume that we have computed the diagonal entries hiy,...,h,, of its Hermite form.
Then, det(A) = Ahyq - - - hyy, for some nonzero constant A € K. If the constant coefficient
of hiy - - - hyy, is nonzero, we can retrieve A by computing the constant coefficient of det(A),
which is found by K-linear algebra using O(n*) operations since det(A)(0) = det(A(0)).
More generally, if we know o € K such that hyi(a) - - hy,(a) # 0, then we can deduce
det(A) efficiently. However, this does not lead to a fast deterministic algorithm in general
since it may happen that det(A)(a) = 0 for all field elements «, or that finding o with
hii(@) -+ hyn(a) # 0 is a difficult task. ®
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We now focus on computing the determinant of U, or equivalently, the determinant of
V = U~!. The column basis computation from [ZL13] for computing the m x m diagonal
block B; also gives U,., the matrix consisting of the right (n — m) columns of U, which
is a right kernel basis for A,. In fact, this column basis computation also gives a right
factor multiplied with the column basis By to give A,. The following lemma shows that
this right factor coincides with the matrix V, consisting of the top m rows of V. The
column basis computation therefore gives both U, and V, with no additional work.

Lemma 16.8. Let m denote the dimension of By. Then, a matriz ' V,, € K[X]|™*" satisfies
BV, = A, if and only if V,, is the submatriz of V.= U~ formed by its top m rows.

Proof. The proof follows directly from

_Bi 0| | V.| A
w2 8]t 2] -» -

While the determinant of V or the determinant of U is needed to compute the de-
terminant of A, a major problem is that we do not know U, or V4, which may not be
efficiently computed due to their possibly large degrees. This means we need to compute
the determinant of V or U without knowing the complete matrix V or U. The following
lemma shows how this can be done using just U, and V,, which are obtained from the
computation of the column basis B;.

Lemma 16.9. Let U = [Ue UT} and A satisfy, as before,

A, B 0]
AU_[AJ U, UT}_[* BJ_B,

where the row dimension of A, the column dimension of Uy, and the dimension of B

are m. Let V = {V“] be the inverse of U with m rows in V,, and U; € K[X]"™™ be a

Vg
matriz such that U* = [U; U, is unimodular. Then V,Uj is unimodular and
det(B) det(V,Uj)
det(A) =
et(A) det(U")

Proof. Since det(A) = det(B) det(V), it is enough to show that
det(V) = det(V,Uj)/ det(U").
This follows from

det(V)det(U*) = det(VUY)

= det(Pffﬂ U; UT})

([ )

= det(V,U3).

In particular det(V,Uj) is a nonzero constant and thus V, U} is unimodular. »
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Lemma 16.9 shows that the determinant of V can be computed using V,, U,, and
a unimodular completion U* of U,. In fact, this can be made still more efficient by
noticing that since we are looking for a constant determinant, the higher degree parts of
the matrices do not affect the computation.

Lemma 16.10. If U € K[X|"*" is unimodular, then
det(U) = det(U mod X) = det(U(0)).

Proof. Note that det(U(a)) = det(U)(«) for any o € K, that is, the result is the same
whether we do evaluation before or after computing the determinant. Then, taking o = 0
concludes the proof. »

Lemma 16.10 allows us to use just the degree zero coefficient matrices in the compu-
tation. Hence Lemma 16.9 can be improved as follows.

Lemma 16.11. Let A, U = [Ug UT], and V = [g"} be as before. Let U, = U, mod X
d

and V,, =V, mod X be the constant matrices of U, and V,, respectively. Let U; € K™
be a matriz such that U* = [UZ‘ UT} is nonsingular. Then

) - AL

Proof. Suppose we have a matrix U, € K[X]"*"™ such that U; = U; mod X and U* =
[U; U,] is unimodular. Using Lemma 16.9 and Lemma 16.10, we have that V,Uj is
unimodular with V,,U; = V,U; mod X and thus

det(A) = det(B) det(V, Uy)/ det(U*) = det(B) det(V,,U;)/ det(U™).

Let us now show how to construct such a matrix Uj. Let W; € K[X]™™ be any
matrix such that W* = [W; U,] is unimodular and let W} denote its constant term

T 01
for some

W; = W; mod X. It is easily verified that [} Urrl Uy U] = [Tu I
d

nonsingular 7,, € K™ and some Ty € K*"*™. Then define the matrix U; = Wj B:“}
d
L 0 is unimod
1 s unimodu-
T.
Ty

in K[X]™™. On the one hand, we have that U* = [U; U,| = W* [

lar. On the other hand, by construction we have that U; mod X = W} { } =U;. ™

Thus Lemma 16.11 requires us to compute U; € K" a matrix such that U* =
[U; Ur] is nonsingular. This can be obtained from the nonsingular matrix that trans-
forms V,, to its reduced column echelon form computed using the Gauss Jordan transform
algorithm from [Sto00] with a cost of O(nm“~!) field operations.

We now have all the ingredients needed for computing the determinant of A. A
recursive algorithm is given in Algorithm 38, which computes the determinant of A as
the product of the determinant of V and the determinant of B. The determinant of B is
computed by recursively computing the determinants of its diagonal blocks By and Bs.
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2. Else:

a0

R 0

o
.

Algorithm 38 — DETERMINANT
(Determinant of a nonsingular polynomial matriz)

Input: a nonsingular matrix A € K[X]|"*".
Output: the determinant of A.

1. If n =1 then return A

. write A = [i“} , with A, consisting of the top [n/2] rows of A
d

. B;,U,,V, «+ COLUMNBASIS(A,) // [ZL13, Algorithm 2]

/* Here COLUMNBASIS also returns the kernel basis U,
and the right factor V, such that A, =B;V,. x/

B, «— AU,

U, + U, mod X

V. V, mod X

Compute U; € K™ /21 such that U* = [U; U,] is nonsingular
dy < det(V,,U))/ det(U*) // element of K
dp < DETERMINANT(B;)DETERMINANT(B,)

Return dydg
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16.3. Fast computation of the determinant of a polynomial matrix

Proposition 16.12. Algorithm 38 is correct and uses O™ (n“[s]) operations in K, where
s = |cdeg(A)|/n is the average column degree of A.

Proof. The correctness follows from the material in this section.

From Lemma 16.4 and Proposition 16.6 the computation of the two diagonal blocks
B; and B, costs O7(n“[s]) operations. As mentioned above, computing U;* at Step 6 of
the algorithm uses O(n*) operations. Step 7 involves only constant matrices so that dy
can be computed in O(n*). Finally, det(B;) and det(B;) are computed recursively and
multiplied. Since these are two univariate polynomials of degree at most deg(det(A)) <
¢ = ns, their product dg is obtained in O™ () C O™ (n*[s]) operations.

Therefore, the recurrence relation for the cost of the Algorithm 38 is the same as that
in the proof of Proposition 16.6, and the total cost is O™ (n“[s]). »

For an input matrix A which has non-uniform degrees, Proposition 16.12 can be further
improved using partial linearization techniques, and in particular with the following result
from [GSSV12, Corollary 3] .

Lemma 16.13. Let A € K[X]™™ be nonsingular. Using no operation in K, one can
build a matriz A € K[X|"™" such that

(i) n < i < 3n and deg(A) < [Da/n],
(i1) the determinant of A is equal to the determinant of A.

Combining this with our algorithm, this proves the result announced in Theorem 3.8.

Example 16.14. In order to observe the correctness of the algorithm, let

—X+2 —2X -3 3X34+X? —X+2 -3X° — X+
-X -2 3X3 -X -3X°
A= -2 X+3 2 -2 —2X?
0 1 -3X%-2 —2X?-1 X4+ X2
0 2 3 —-3X? —2X*-3X%+3

working over Z7[X]. If A, denotes the top three rows of A, then we have a column basis

-X+2 —2X -3 3X3+X?

B, = —-X -2 3X3
-2 X+3 2
and a minimal kernel basis

3 0
0 O

U, =|0 X?
-3 0
0 1

for A,. The second block diagonal is then given by

X2-3 —2Xx*4 - X?

AdUr=|_ox> _axii3 |
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The computation of the column basis B also gives the right factor

1 0 01 0
V,=1(0 1 0 0 0
0010 —X?
and so the constant term matrices are then
3 0
0 0 1 00 10
U. =10 0 and V,=10 1 0 0 O
-3 0 00100
0 1

with Gaussian-Jordan elimination used to find a nonsingular completion of U, as

S

I
coo o~
coor~ o
co~o o

The determinant of U is then computed as

det(V,,U;) 1
dy = ————==——=2.
det(U*) 3
The determinants of B; and By are computed recursively. In the case of B; a minimal
kernel basis and column basis are given by

3X?
Ur,l = 0 ) Bl,l = |:
1

X +2 0

1 2 —3X?
% 2X—2]’ and Vu,lz[ }

01 0

This gives the remaining diagonal block as B o = [X 2 + 2}. The corresponding constant
term matrices U,; and V,,; and nonsingular completion Uy are then given by

o

1 20

UT,]. = 0 Y Vu,l = |:0 1 0

10
], and Uy, = (0 1f,
1 0 0

which gives dy; = 1. Hence det(B;) = (—X + 2)(2X — 2)(X? +2). A similar argument
gives det(By) = (X? — 3)(X* + 3) and hence

det(A) = dy det(By) det(B,)
=3X10 92X +3X% +2XT - X0 — X5+ X* - X?—2X?+ X —3. &
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16.4. Fast Hermite form algorithm with known minimal degree

16.4 Fast Hermite form algorithm with known minimal
degree

In Section 16.2, we have shown how to efficiently determine the diagonal entries of the
Hermite form H of a nonsingular input matrix A € K[X]"*™. One then still needs to
compute the remaining entries of H.

We start this section by showing how knowing the diagonal degrees helps to obtain H
via shifted column reduction for a well-chosen shift. This follows ideas in Section 1.2.1,
noting that the diagonal degrees give in particular the diagonal entries of H, which cor-
respond to the shifted minimal degree of the module for the Hermite shift. However,
this leads to a Hermite form algorithm that is not yet satisfactory in terms of efficiency.
Namely, when the degrees of the diagonal entries have a large amplitude, the shifted
column reduction step may cost O7(n“*! deg(A)) field operations.

Then, knowing the diagonal degrees of H allows us to rely on partial linearization
techniques similar to that in Section 6.2; they allow us to reduce to the case of computing
a column reduced form of A for an almost uniform shift. Along with the algorithm in
Section 16.2, this gives an algorithm to compute the Hermite form of A in O™(n“ deg(A))
field operations using fast deterministic column reduction [GSSV12].

16.4.1 Hermite form via shifted column reduction

It is known that the Hermite form H of A is a shifted reduced form of A for a whole
range of shifts. Without further information on the degrees in H, one appropriate shift
is

h = (n(n—1d, nn—2)d, ..., nd, 0) (16.3)

where d = deg(A) (see [BLV06, Lemma 2.6]). We note that this shift has a large ampli-
tude, namely max(h) — min(h) € ©(n?d). Unfortunately, there does not appear to be a
deterministic shifted reduction algorithm that would compute an h-reduced form of A in
O~ (n“d) field operations.

Now, let us consider the degrees § = (1, ...,0,) of the diagonal entries of H. Then
we have that H is a —d-column reduced form of A and, in addition, that H can be easily
recovered from any —d-column reduced form of A. More precisely, suppose that we know
4, for example thanks to the algorithm in Section 16.2. Then, we claim that H can be
computed as follows, where y = (max(d), ..., max(d)) € Z%:

X“_a A reduction Xu_(; R normalization H-R 111’175 (R)_l

where R is any —d-column reduced form of A. To show this, we will rely on the following
consequences of [SS11, Lemma 17].

Lemma 16.15. Let A and B be column reduced matrices in K[X]"*™ with uniform column
degree (d,...,d), for some d € Zsq. If A and B are right-unimodularly equivalent then

A lmo(A)il =B 1H10(B)71.
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Proof. The matrix A is column reduced with uniform column degree (d,...,d). As such
Almg(A)~! is its Popov form according to [SS11, Lemma 17] (i.e. its leading coefficient
matrix is the identity). Similarly, Blmg(B)™! is the Popov form of B in this case. We
recall that the Popov form is a canonical form under right-unimodular equivalence for
nonsingular matrices in K[X|**"; for a general definition we refer the reader to [Kai80].
Thus, since A and B are right-unimodularly equivalent, the uniqueness of the Popov form
implies A lmg(A)~! = Blmg(B) ™. »

As we often wish to apply Lemma 16.15 with shifts we also include the following.

Corollary 16.16. Lets € Z™ be a shift, and let A and B be s-column reduced matrices
in K[X]™™ with uniform s-column degree (d,...,d), for some d € Z. If A and B are
right-unimodularly equivalent then

Almg(A)™' =Blmg(B) .
Proof. We simply replace A and B by X® A and X® B in the previous proof. M

We remark that this result is directly related to those mentioned in Section 1.2.1, and
in particular Lemma 1.26. Yet, for better readability we recall this since here we are
working with right unimodular equivalence.

Thus we can start with the matrix X# %A, column reduce this matrix and then
normalize it to get our normal form. However X#~® A may have some entries of large
degree. Indeed, max(d) may be as large as deg(det(A)) while having min(d) = 0, in
which case the degree of X#~% A is at least deg(det(A)). For efficient deterministic shifted
column reduction we would need the degree of X#~% A to be in O(deg(A)).

16.4.2 Reducing the amplitude of the minimal degree

In the strategy presented in the previous subsection, the main obstacle to obtaining an
efficient algorithm is that the diagonal degrees of H might have a large amplitude. In this
subsection, we will show how partial linearization techniques allow us to build a matrix
L5(A) such that H can be obtained from a —d-reduced form of L3(A) for a shift d that
has a small amplitude.

A key fact is that the average of the degrees § is controlled. Namely, denoting by ¢
the average of §, we have that § < deg(A). Indeed, the product of the diagonal entries
of H is det(H) which, up to a constant multiplier, is the same as det(A) and thus the
degree of this product is

nd =0y + -+ 6, = deg(det(A)) < ndeg(A).

In order to reduce the amplitude of §, one can split the entries that are larger than ¢ into
several entries each at most §. From this we obtain another tuple d = (dy,...,d5) with
max(d) — min(d) < § < deg(A) and having length 7 less than 2n.

Most importantly for our purpose, there is a corresponding transformation of matrices
which behaves well with regards to shifted reduction. Namely, this transformation is a
type of row partial linearization, similar to those introduced in [GSSV12, Section 6|. Let
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16.4. Fast Hermite form algorithm with known minimal degree

us describe this linearization in the particular case of the Hermite form H of A. For each 7,
we focus on the row ¢ of H. If its degree d; is larger than ¢ then the row is expanded into «;
rows of degree at most J. This yields a n x n matrix H of degree at most J. Furthermore,
certain elementary columns are inserted into H resulting in a square nonsingular matrix
L5(H) which preserves fundamental properties of H (for example, its Smith factors and
its determinant). Namely, £5(H) has dimension 7 x n and degree at most ¢, which in
this case is the average row degree of H.

For example, suppose that H is a 4 x 4 matrix in Hermite form with diagonal entries
having degrees (2,37,7,18). Such a matrix has degree profile

(2)

[36] (37)

6] (6] (7) ’
7 17 17} (18)

H:

where [d] stands for an entry of degree at most d and (d) stands for a monic entry of
degree exactly d. Here H has row degree § = (2,37,7, 18).

Let us now construct the row partial linearization L5(H). Considering the upper
bound 6 =1+ [(2+ 37+ 7+ 18)/4] = 17 on the average row degree of H, we will split
the high-degree rows of H in several rows having degree less than 0. The first row is
unchanged; the second row is expanded in two rows of degree 16 and one row of degree
3; the third row is unchanged; and finally the last row is expanded in one row of degree
16 and one row of degree 1. Then, the matrix with expanded rows is

[16] [16]
_ | [16] [16]
H= ]2 )

6] 6] (7)

Note that H and H are related by the identity EH = H, where £ is the expansion-
compression matrix

10 0 0O 00 O
£ 01 X7 X3 00 0
00 O 0O 10 0
00 0 0 0 1 X'
We can insert elementary columns in H by
(2)
[16] X7 [16]
[16] —1 X' [16]
s(H) = | [2] -1 (3)
[6] [6] (7)
[16] [16] [16] X'7 [16]
| [0] 0] [0 -1 (1)]
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which indicate the row operations needed to keep track of the structure of the original
rows of H. Now the reduced tuple of row degrees d = (2,17,17,3,7,17,1) has as its
largest entry the average row degree § = 17 of H. Furthermore, H can be reconstructed
from L5(H), without field operations, as a submatrix of £L£5(H).

Remark 16.17. Because the purpose is different, the partial linearization used in this
section is defined in a way that is slightly different from what was done in Section 15.2.
It would be possible to use the same linearizations, but at the cost that the proofs would

|

involve permutation matrices and would be considerably more difficult to follow. -

Formally we define the partial linearization for a matrix A and a tuple &, with the
latter not necessarily related to rdeg(A). Indeed, we will apply this in a situation where
the tuple & is formed by the diagonal degrees of the Hermite form of A.

Definition 16.18. Let A € K[X]|"*", § = (d1,...,0,) € ZZ, and set

(61+-~+5n)J'

n

5—1+{

For any i€ {1,...,n} write §; = (a; — 1)d + B; with o; = [;/6] and 1 < B; < 6§ if 6; > 0,
while a; =1 and B; =0if ; =0. Setn=a1 +---+ a, anddeﬁnedEZgo as
d=(6, ..., 0, Biy, ...y, 0, ..., 6, Bn) (16.4)
— —

o Qn
as well as the row expansion-compression matriz € € K[X|"" as

1 X0 ... x(aa—1)§
&= . . (16.5)
1 X0 ... X(an—1)§

Let A € K[X]™" be such that A = EA with all the rows ofg having degree at most o
except possibly at indices {oy + -+ + oy, 1 <i < n}. Define L5(A) € K[X]™" as:

(i) for 1 <i< n, the column oy + -+ «a; of L5(A) is the column i of A;

(i) for0<i<n—1and1 < j<aiq—1, the column ay + - -+ a; + j of L5(A) is
the column . -
0 -~ 0 X° -1 0 -+ 0] eK[X]™

with the entry X° at row index oy + -+ + o + J.

It follows from this construction that any matrix A € K[X]"*" is the submatrix of
€ L5(A) formed by its columns at indices {ag + -+ + a;, 1 < i < n}.

It is important to note that this transformation has good properties regarding the
computation of —d-shifted reduced forms of A, where § is the tuple of diagonal degrees
of the Hermite form of A. Indeed, it transforms any —d-reduced form R of A into a
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—d-reduced form L5(R) of the transformed L5(A). In other words, we have the following
diagram:

XHOA _reduetion —0-reduced form of A
| |
partial linearization partial linearization s
\ \
Xm-dpr(A) o g reduced form of £5(A)
where m is the uniform tuple (max(d),...,max(d)) of length n. In terms of efficiency,

it is more interesting to perform the reduction step on X™ 9 L5(A) with the shift —d,
rather than on A with the shift —d. Indeed, using the fastest known deterministic re-
duction algorithm [GSSV12|, the latter computation uses O (n“(deg(A) + max(d))) field
operations. On the other hand, the former is in O7(n*(deg(A) + ¢)), since max(d) <
and deg(L5(A)) < deg(A). We recall that ¢ is close to the average of 4.

We state this formally in the following lemma. For the sake of presentation we post-
pone the proof until later in Section 16.4.4.

Lemma 16.19. Let § = (01,...,0,) € Z%, and define d as in Eq. (16.4).

(i) If a matric R € K[X]|"" is —§-reduced with —d-column degree 0, then L5(R) is
—d-reduced with —d-column degree 0.

(i1) If two matrices A and B in K[ X|"*™ are right unimodularly equivalent, then L5(A)
and L5(B) are also right unimodularly equivalent.

(111) If A € K[X]|"*" is nonsingular, R is a —d-reduced form of A, and R has —d-column
degree 0, then L5(R) is a —d-reduced form of L5(A) and the —d-column degree of
L5(R) is 0.

Our algorithm will first build £5(A) and then find a —d-reduced form R for this new
matrix. We note that, for any —d-reduced form R of A, the matrix R = L5(R) is a
suitable reduced form and, as remarked earlier, has the property that it is easy to recover
R. However, it is not the case that any R computed by shifted reduction from Lj(A)
will have the form R = £5(R.). In order to solve this issue, we will rely on normalization
as in Corollary 16.16. This allows us to deduce L5(H) from R, and then the entries of H
can be read off from those of L5(H). Diagrammatically we have

_ reduction _ normalization _
Xp-6 A 0 fedution, yu-sg  _romalmation gy Rim_g(R)"!
partial linearization partial linearization

Xm_d Eg(A) reduction Xm_d R normalization ;Cf;(H) _ le,d(R)_l
Corollary 16.20. Let A € K[X]|"*" be nonsingular and let § = (01, ...,0,) € Z%, denote

the degrees of the diagonal entries of the Hermite form H of A. Using the notation from
Definition 16.18, we have that
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(1) Im_q(L5(H)) is the identity matriz,
(it) if R € K[X]™" is a —d-reduced form of L5(A), then L5(H) = Rlm_q(R)™".

Proof. (i) follows from the construction of £5(H). From Lemma 16.19 we have that
L5(H) is a —d-reduced form of A, so that (i7) follows from (i) and Corollary 16.16. &

In particular, H can be recovered as being the submatrix of £ film_d(f{)*l formed
by its columns {a; + -+ a;, 1 < i < n}.

Ezample 16.21 (Reducing the diagonal degrees). Consider a matrix A € K[X]** such
that its Hermite form H has diagonal degrees § = (2,37,7,18). As shown earlier,

" _
6] XV [16]
[16] -1 X7 [16]

S(H) = | 2 -1 ()
[6] 6] (7)
[16] [16] [16] X7 [16]
[0 of o] -1 (1)

We see that d = (2,17,17,3,7,17,1) corresponds to the row degree of L5(H), that this
matrix has —d-column degree 0 and that its —d-leading matrix is the identity. In par-
ticular, it is —d-reduced. In addition, from (ii) of Lemma 16.19, £5(H) and L5(A) are
right-unimodularly equivalent. As a result, £5(H) is a —d-reduced form of L5(A).

Let R be any —d-reduced form of L5(A). Then R also has —d-column degree 0, its
—d-leading matrix is invertible, and its degree profile is

(2 20 2] [21 [2 [2 [2

[17] [17] [17] [17) [17] [17] [17]

A (7] [17] [17] [17) [17] [17] [17]
R=10B B B B B B 3
0 e R A A R

[17] [17) [17] [17) [17] [17] [17]

Lo o me o fp gl

While R is generally not of the form L£j5(R) for R some —d-reduced form of A, it still
follows from Corollary 16.16 that £5(H) = Rlm_4(R)™". #

16.4.3 Algorithm and computational cost

The results in the previous subsection lead to Algorithm 39 for the computation of the
Hermite form H from A and é. Its main computational task is to compute a column
reduced form of a matrix of dimension O(n) and degree O(deg(A)) (Step 6). This can
be done efficiently and deterministically with the algorithm in [GSSV12, Section §].

Proposition 16.22. Let A € K[X|"*" be nonsingular, and let 6 € ZZ, be the degrees of
the diagonal entries of the Hermite form of A. On input A and §, Algorithm 39 computes
the Hermite form of A using O™ (n* deg(A)) field operations.
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Proof. The correctness of the algorithm follows directly from Corollary 16.20 and from
the remark that a matrix R € K[X]"*™ is —d-column reduced if and only if DR is column
reduced (for the uniform shift), where D is the diagonal matrix at Step 5.

Furthermore, we have deg(D) < ¢ and deg(L5(A)) < max(deg(A),d). Since § =
1+ [|6]/n], and as H is in Hermite form and d are the degrees of its diagonal entries,
we have |§| = deg(det(H)) = deg(det(A)) < ndeg(A). Thus, § < 1+ deg(A) and the
degrees of D and L5(A) are both at most 1 + deg(A). Their product DLj5(A) therefore
has degree at most 2 + 2deg(A). On the other hand, these matrices have dimension

0]
_§ \E (1+6,/8) =n+ —"— <9,
n Q; 2 +6;/6) n+1+H5|/nJ< n

As a result, Step 6 uses O~(n deg(A)) field operations [GSSV12, Theorem 18].
Concerning Step 7, from Corollary 16.20 the matrix R has row degree d. Thus, since

Im_q(R) is a constant matrix, the computation of Rlm_q(R)~! can be performed via

complete linearization of the rows of R, using O(n“[|d|/n]) operations. This concludes

the proof since |d| = |d| = deg(det(H)) = deg(det(A)) < ndeg(A). »

Algorithm 39 — MINDEGHERMITE
(Hermite form with known minimal degree)

Input:
e a nonsingular matrix A € K[X]"*"
e the diagonal degrees § = (d1,...,0,) € Z%; of the Hermite form of A.

Output: the Hermite form of A.

—

01+ (614 +,)/n]

2. Forifrom1ton

b. Else: a; + 1; 3; < 0;

N4 ap+-+a, and £ € K™ as in Eq. (16.5)

d < (dy,...,dy) as in Eq. (16.4)

D <« Diag(X®, ..., X%dx)

DR < COLUMNREDUCE(DLj(A))  // algorithm [GSSV12, Fig.7]
H <+ ERIm_4(R)™!

H < the submatrix of H formed by its columns {a;+- - 4a;, 1 <i < n}
Return H

© ® NS oA w

Combining Algorithms 37 and 39 results in a deterministic algorithm for computing
the Hermite form of a nonsingular matrix A in O7(n* deg(A)) field operations. This is
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the main step towards the proof of our result announced in Theorem 3.9; it remains to
deal with the possible non-uniformity of the degrees in A.

Remark 16.23. At the time of writing, detailed cost bounds with logarithmic factors
are available for all operations in the algorithm except the column basis computation at
Step 2.b of Algorithm 37. Analyzing this cost would directly yield a cost bound with
logarithmic factors for Hermite form and determinant computation. ®

FExample 16.24. Let K = Z; be the field with 7 elements, and consider the matrix A €
K[X]?*? from Example 16.5:

6X +1 2X3 + X2 +6X +1 3
A= [4X°+5X*+4X%24+ X 6X°+5X*4+2X3+4 X 45X34+6X%2+5X
2 2X° +5X44+5X3+6X2 6

According to Example 16.5 the diagonal entries of the Hermite form of A have degrees
d =(0,1,9). Note that § is non-uniform, and max(d) — min(d) = deg(det(A)) — 1.

Using the column reduction algorithm in [GSSV12| to compute a —d-reduced form
of A would imply working on the matrix X# %A = X80 A which has degree 13 =
deg(det(A)) + deg(A) — 2. In this case partial linearization gives us a 5 X 5 matrix
L5(A) and a shift d such that deg(L5(A)) < deg(A) and max(d) —min(d) < deg(A). In
particular, the matrix X™~9 £X(A) to be reduced has degree 8 < 2deg(A).

To see this, Definition 16.18 gives the parameters § = 4, a = (1,1,3), § = (0,1,1),
d = (0,1,4,4,1), the expansion-compression matrix

100 0 O
E=101 0 0O O},
00 1 Xx* X8
and finally
6X +1 2X3 + X2 46X +1 0 0 3
4X5+5X*+4X2+ X 6X°4+5X*'+2X3+4 0 0 X*4+5X3+6X2+5X
S(A) = 2 5X°% +6X2 Xt 0 6
0 2X +5 6 X* 0
0 0 6 0
Computing a —d-reduced form for L5(A) gives
5 1 0 1 2
. 5 4X +4 0 3X +5 6X +3
R=|x%+6x2+4 3X*+X34+6X2 X% X34+5X24+4X+3 6X*+2X3+3X2+X+6].
3X3+4X2+6 4X*+4X3+4+4X+5 6 X3 +2X +4 5X4+2X3+4X +2
6 X 0 6 0
Note that rdeg(R) = d, and more precisely,
5101 2
04036
Im 4(R)=|(0 3 1 0 6
04005
01000
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Normalizing R via Rlm_q(R)! gives

1 0 0 0 0
1 X +6 0 0 0
L5(H) = [3X3+4X%+5 4X34+5X2+6X+4 X' 0 3X3+3X%2+4X
2X24+5X%24+4  2X2+43X2+3X 6 X* X?+4X?246X+4
4 3 0 6 X +2

Performing the inverse linearization, by taking columns (1,2, 5) of £L£5(H), directly gives
the entries in the Hermite form of A:

1 0 0
H=|1 X+6 0
hs1  hsy X2 +2X%8 4+ X7 4+4X0 +6X° +4X*+3X3+3X2+4X

with

hay = 4a® + 227 + 52° + 42t + 323 4+ 422 + 5,
has = 325 4 227 + 325 + 32° + 42 + 522 + 62 + 4. “

16.4.4 Proof of Lemma 16.19

Let us now give the detailed proof of Lemma 16.19.
(7) Since R € K[X]|"*" is —§-reduced with —d-column degree 0, it has row degree
d since otherwise the invertible matrix Im_s(R) would have a zero row. We show that

Im_4(L5(R)) is a permutation of the rows and columns of lmS(R> ﬂ € K™% In
particular, Im_4(L5(R)) is invertible and thus £5(R) is —d-reduced.
Let us first observe it on an example. We consider the case § = (2,37,7,18). Then R

has the following degree profile,

with invertible —§-leading matrix. Following the construction in Definition 16.18, we have
d=(2,17,17,3,7,17,1) and

[2] 2] [2] [2]

16] X7 16] [16] [16]

[16] —1 X7 [16] [16] [16]

s(R)= | [3] -1 B8] [3] 3]
[7] 7 [7] [7]

[16] [16] [16] X'7 [16]

| [1] [ [ -1 [

317



Chapter 16. Hermite form and determinant

Observe that R has —d-column degree at most 0 componentwise, and that its —d-leading
matrix is

511 612 613 814
1
1
Im_4(L5(R)) = | la oy la3 loa |
U3 U3y lsg 34
1
_641 lyy g9 lyo

where (4;;)1<ij<a = Im_s(R). Since Im_s(R) is invertible, Im_q4(L5(R)) is invertible as
well. Furthermore £5(R) is —d-reduced and that it has —d-column degree 0.

In the general case, by construction of £5(R) one can check that Im_q(L5(R)) is a
matrix in K™ such that

e its n x n submatrix with row and column indices in {a;y + -+ + a5, 1 <@ < n} is
equal to Im_45(R),

e its (n —n) X (n —n) submatrix with row and column indices in {1,...,n} — {ay +
-+ a;,1 <i < n}is equal to the identity matrix,

e its other entries are all zero.

This directly implies that Im_4(L5(R)) is invertible. In addition by construction £5(R.)
has —d-column degree at most 0 componentwise. The fact that Im_4(L5(R)) is invertible
also implies that £5(R) has —d-column degree exactly O.

(i1) Denote by T € K[X]™*(~™ the submatrix of £5(A) formed by its columns at
indices {a + -+ a; +j,1 < j < a1 — 1,0 <i <n—1}. Up to a permutation of its
columns, L£5(A) is then [T ;&] In particular, £ £5(A) is right-unimodularly equivalent
to £[Ts A] =[0 A]. For the remainder of this proof we will use the shorthand notation
ELS(A)=[0 A

Define the matrix E € K™@=™*" whose row oy +- - -+ + 7 —1 is the coordinate vector
with 1 at index ay +---+a;+7+ 1, forall 1 <j < a1 —1and 0 <i<n—1. That is,
we have

0 1

1 X% ... Xlea=1)é

1 X9 ... X(an—l)é_
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16.5. Reduction to almost uniform input degrees

By construction, the matrix U = E7Ty is upper triangular with diagonal entries —1, and
thus unimodular. As a result,

[ﬂ £i(A) = [?} 7, ] - [g ﬂ _ [(I) f‘j

- El ..o _[I O
Similarly, we have that {S] L5(B) = {O B}

Since A = B by assumption, we obtain E}} L5(A) = E}} L5(B). This implies that

L5(A) = L5(B) since the matrix E] is invertible (more precisely, its determinant is 1).

(1) is a direct consequence of (i) and (ii).

16.5 Reduction to almost uniform input degrees

We have already explained in Section 15.1 our interest in obtaining a cost bound which
involves the generic determinant bound. In Section 16.2 we showed how to compute the
diagonal entries of H in O7(n“[s]) operations, with s the average column degree of the
input matrix. However, this does not take into account the fact that the degrees of its
rows are possibly unbalanced. Besides, in Section 16.4, we were only able to obtain the
cost bound O7(n* deg(A)) for computing the remaining entries of H.

The results in Section 15.2 allow us to reduce from the general case of Hermite form
computation to the case where the degree of the input matrix A isin O([ Da/n]), while the
dimension of the matrix A remains in O(n). Combined with Propositions 16.6 and 16.22,
this proves Theorem 3.9.

We remark that Hermite forms in Section 15.2 are under left-unimodular equivalence,
while here we work with right-unimodular equivalence. Furthermore, it is not only a
matter of transposing matrices, since despite not being for the same kind of unimodular
equivalences, both in Section 15.2 and here the Hermite form refers to a lower triangular
form. Of course, the partial linearization techniques can still be applied, but this requires
a slight modification of the definitions in order to adapt the results of Section 15.2 to the
context here. Roughly, one will permute positions of the blocks of rows and columns so
that the sought Hermite form appears as the trailing principal submatrix, instead of the
leading one. The complete details of these modified definitions can be found in [LNZ16,
Section 5|; we only show it on an example below.

FExample 16.25. Let K = Z; be the field with 7 elements, and consider the matrix A €
K[X]3*® from Example 16.5:

6X +1 2X3 + X2 +6X +1 3
A= |4X°+5X*+4X%2+X 6X°+5X*+2X?*+4 X*45X34+6X%2+5X
2 2X°5 +5X*+5X% +6X2 6
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Chapter 16. Hermite form and determinant

After sorting the triples we obtain the linearization degrees & = (1,5,0) resulting in

1 0 6X3 0

LS(A) = 2 6X +1 X?24+6X+1 3
s T |6X2 45X +2 4X5+5X44+4X2+ X 4 X4 4+5X34+6X2+5X|

2X2 45X +5 2 6.X2 6

and v = rdeg(L§(A)) = (3,2,5,2) giving

1 0 4x +5 0 1

0 1 0 62> 0

L (L5(A)=1]0 2 6r+1 x?+6x+1 3
6x* 622 +5r+2 42+« 4 5% + 622 + bz

0 22245x+5 2 62 6

Computing the diagonal entries of the Hermite form of £I(L§(A)) as in Section 16.2,
we obtain their degrees (0,0, 0, 1,9). Proceeding as in Section 16.4 we can to compute the
complete Hermite form using the knowledge of these degrees giving

I 0
R H
with
0 0
R = 6 4
X7 +4X0+2X* +3X3+5X? 43X +4 4X®¥4+2X" +4X0+5X° +5X* +2X3+6X2+ X
and H the Hermite form of A as given in Example 16.24. #
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Perspectives

We conclude this document by presenting some of our perspectives for future work on the
problems tackled in this thesis.

* k%
Fast change of monomial order

Our results in Chapters 4 and 5 lead to a fast change of monomial order algorithm for
zero-dimensional ideals in K[X7, ..., X,|, under the assumption that the initial ideal is
Borel-fixed (see Section 2.2.3). This is achieved by following a two-step approach: we
first determine the multiplication matrices from the input Grébner basis, and then we use
them to compute the Grébner relation basis for the target monomial order. For an ideal
of degree D, we obtained the cost bound O7(rD*) (Theorem 2.14).

A first extension of this result would be to support the case of a module which has
finite codimension D as a K-vector space, with a similar cost bound. We remark that
the second step already deals with this more general situation (see Sections 2.1 and 2.2).
Then, it remains to study whether some Borel-fixedness property of the initial module
would allow us to use an approach similar to that in Chapter 5 to efficiently retrieve the
multiplication matrices from the input Grébner basis.

Another, more significant improvement would be to remove the assumption that the
initial ideal is Borel-fixed. We note that we only use this assumption in the first step of
our algorithm. Hence the question: how to compute the multiplication matrices, without
assumption on the ideal, using O™ (rD*) operations? To the best of our knowledge, this is
not known as of today, even for specific monomial orders. The case of the degree-reverse
lexicographic order has been studied in [FGHRI13|, with a cost bound of O7(é6r“D¥)
operations, where ¢ is related to the degrees in the input Grébner basis; how to remove
this factor ¢ is unclear to us.

Finally, we would like to study more in depth how our results for the computation of
Grobner relation bases compare to the different situations that are handled in [MMM93].

* Kk %
Systems of linear modular equations

In the computation of shifted Popov solution bases for systems of linear modular univariate
equations, we assumed that the number of equations was bounded from above by the
number of unknowns; let H# denote this assumption, namely n € O(m) (Theorem 2.22).
On the other hand, in the specific case where the moduli split and are given by their
roots and multiplicities, we managed to remove this assumption (Theorem 2.20). One
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motivation was that H was not satisfied in the application to multivariate interpolation
problems arising in the soft-decoding of Reed-Solomon codes. Then, a natural perspective
is to aim at a similar result when the moduli are arbitrary polynomials given by their
coefficients; or in other words, at removing the assumption A in Theorem 2.22.

The two main uses of H were in the computations of the residual and of the solution
basis when we have a priori degree information. Concerning the former, we expect that
‘H can be avoided without impacting the cost beyond logarithmic factors, by following
an approach based on Chinese remaindering techniques similar to the computation of
the residual for moduli which split with known roots (Section 14.2). As for finding the
solution basis when the minimal degree is known, for the moment it is not clear to us how
to remove the assumption H; an obstacle with our current approach is that it resorts to
computing a left kernel basis of a polynomial matrix which has m + n rows.

* Kk %
Kernel bases of polynomial matrices

The above-mentioned algorithm for solution bases led us to design an efficient algorithm
for computing the shifted Popov kernel basis of a polynomial matrix, when information
about pivots is known a priori (Proposition 8.6). In this context, and unlike most of this
thesis, we are considering rectangular shifted Popov forms, corresponding to submodules
of K[X]™ of rank strictly less than m; in addition to knowing the degrees of the pivots,
we also require the knowledge of the indices of the columns containing the pivots.

During a research internship of Vi Thi Xuéan, co-supervised with Claude-Pierre Jean-
nerod, we explored further the question of computing shifted Popov kernel bases for
arbitrary shifts. We showed that, with one call to our solution basis algorithm for a single
modular equation and to our approximant basis algorithm, one can compute the shifted
Popov kernel basis of a m x 1 column vector of degree D in O™ (m“~!D) operations. Com-
pared to [ZLS12|, where a similar cost bound was achieved, this new algorithm supports
arbitrary shifts and returns the basis in normal form.

Furthermore, Xuéan proved a generalization of Theorem 1.28 in the rectangular case;
for kernel bases, this means that one can directly retrieve pivot information of the sought
basis by reading the degrees and indices of the pivots of two bases computed recursively,
for example in a divide-and-conquer scheme on the columns of the input m xn matrix as in
|[Z1L.S12|. Having this information, the basis can be obtained efficiently (Proposition 8.6).

Thus, we have a divide-and-conquer scheme with a fast base case for a column vector,
and an efficient way of combining the results of recursive calls. Yet, as such, these ingre-
dients do not lead to a fast algorithm for shifted Popov kernel bases in general, because of
degree growth in the computation of residuals. We will continue to work on this project.

* Kk Kk
Normal forms of polynomial matrices

We have given a fast algorithm for computing the shifted Popov normal form of a polyno-
mial matrix, for an arbitrary shift (Theorem 3.7). This algorithm is probabilistic, requires
that the matrix be square and nonsingular, and uses O7(m“d) field operations where m
and d are the row dimension and the degree of the input matrix.
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We would like to find a similarly efficient algorithm which is deterministic. A solution
is to design a deterministic Smith form algorithm in O™ (m®d), whereas here we rely on the
probabilistic one of [Sto03]. Another one is to compute the diagonal degrees of the shifted
Popov form without finding the whole matrix; then, Theorem 3.10 gives a reduction to the
case of the uniform shift, which is dealt with deterministically in [SS11, GSSV12|. While
this approach was successful for the Hermite form (Chapter 16), where we exploited its
triangular shape, it is unclear to us how to proceed for an arbitrary shift.

Focusing on the important case of the uniform shift, could we rely on [SS11, GSSV12]
to deterministically compute the Popov form in O™ (m®[D/m]) operations, where D is the
generic determinant bound? Until now, this cost bound involving average degrees has been
obtained for the probabilistic computation of shifted Popov forms and for the deterministic
computation of the Hermite form. For this question, we also refer to Remark 3.6.

Furthermore, we would like to study the case of shifted Popov forms of matrices that
are rectangular with an arbitrary rank. In this context, the row space basis algorithm of
[ZL13| can be used to reduce to the case of full row rank. Then, in the latter case, how
to efficiently compute the shifted Popov form? Is there a way to efficiently find, without
computing the whole form, which columns contain pivots and what their degrees are?

* k%
Multivariate problems and multi-level structure

In this thesis, we have studied systems of linear modular equations for arbitrary system
matrices F € K[X]|™*" and normal forms of arbitrary nonsingular matrices A € K™*™.
However, when one faces these questions in specific contexts, these matrices often bear
some type of structure which might be exploited for further efficiency.

Hereafter, for the sake of presentation, we focus on the interpolation step of the Su-
dan list-decoding algorithm for Reed-Solomon codes. Similar remarks hold for the more
general list-decoding algorithms and the Coppersmith technique over K[X| mentioned in
this document, and also for other applications that we did not study here such as the use
of Hermite-Padé approximation for guessing linear differential equations.

In the Sudan decoding, we are given points {(z1,41),. .., (xp,yp)} with distinct z;’s,
a degree bound m, and we look for an element of small shifted degree in the K[X]-module
of polynomials @ € K[X, Y] such that degy (Q) < m and Q(x;,y;) =0 for 1 <i < D.

Writing Q = Qo(X) + Q1(X)Y + -+ + Q1 (X)Y™ 1 this can be done by finding a

shifted reduced solution basis for the linear modular equation
Qo+ QL+ +Qu1 L™ =0mod M

where L is the interpolant of degree less than D such that L(x;) = y; for all ¢, and M is the
product [[,(X —x;). Note that the left-hand side is Q(X, L(X)). Here, the system matrix

isF=[1 L --- L™ In the lattice-based approach (see Sections 3.1 and 11.3), one
rather computes a shifted reduced form of a basis of the module, chosen as
M M
—-L 1 —-L 1
A = ) ) or A=
—Lmt 1 —L 1
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Both F and A have some structure, which results from the bivariate nature of the
initial problem. Note in particular that these matrices can be represented concisely with
O(D) field elements; furthermore, we seek a single small shifted degree vector ) whose
dense representation uses O(D) elements. The fastest known algorithms do not exploit
this structure, and their cost bound is O (m*~* D) while one might hope for O7(D).

To put this in perspective, we remark that this question is close to the tasks of
computing bivariate evaluation and modular composition, which have been studied in
[NZ04, KU11|, and for which no algorithm with quasi-linear cost bound over an abstract
field are known, to the best of our knowledge. More precisely, verifying that some bivari-
ate polynomial () is a solution to our problem is equivalent to verifying that the bivariate
evaluations Q(x;,y;) are zero for all i; since the x;’s are distinct, this is also equivalent to
verifying that the modular identity Q(X, L(X)) = 0 mod M holds.

In this context, a natural question is whether we could take advantage of the algorithms
in [NZ04, KU11] to exploit the above-mentioned structure. In addition, we would like to
establish problem reductions in order to better identify the conceptual difficulties towards
further improvements over the existing fast algorithms.

From a linear algebra viewpoint, this bivariate interpolation problem can be seen as
a linear system over K. Considering the multiplication matrices My = diag(xy,...,zp)
and My = diag(y, ..., yp), finding Q) amounts to computing a vector in the left nullspace
of the multi-Krylov matrix whose rows are [1 --- 1]M4MJ,, where 0 < j < m and the
range of the exponent ¢ depends on the degree constraints specified by the shift. Thus,
here the multi-Krylov matrix has a two-level Vandermonde structure.

More generally, problems of interpolation with multiplicities in r variables can be
reduced to a linear system over K, where the matrix of the system has an r-level block-
Vandermonde structure. In this thesis, we solved such interpolation problems by reducing
them to problems about modules over the univariate polynomials, and we ignored the
structure of the input in the obtained instances of the latter problems. In other words,
we have used and designed algorithms that only consider a single level of structure.

To the best of our knowledge, it is currently unknown how to solve such multi-level
structured linear systems faster than by considering them as structured systems with a
single level, ignoring the others. Again, multivariate evaluation corresponds to computing
a matrix-vector product for a multi-level Vandermonde matrix: may the work of [NZ04,
KU11]| be used to speed up the solving of multi-level Vandermonde linear systems?

This question is not confined to multivariate interpolation and a structure of the
Vandermonde type. For example, a similar situation occurs in multivariate generalizations
of the Berlekamp-Massey algorithm [Sak88, Sak90]: in [BBF15, BBF17], only one level of
structure of the multi-Hankel matrix arising in this context is exploited.
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Mathematical notations can be found at the end of this index.

approximant, 70

approximant basis, 8, 70

assumption
Hint,1, 92
Hint,Q; 92
Hine3, 92
Hint,47 92
Hga, 65, 127
Humc.,), 156
Hwm), 155
Hs, 37
Hso, 37

Beckermann-Labahn algorithm [BL94], 5, 78

Berlekamp-Massey algorithm, 2

Berlekamp-Massey-Sakata algorithm, 324

bivariate interpolation, 22, 323
border (of monomial basis), 52, 142
Borel-fixed, 69, 142

Cauchy interpolation, 2

change of monomial order, 54, 68

change of shift, 9, 265

characteristic polynomial, 5

Chinese remaindering, 8, 269

column basis, 298

coordinate vector, 31, 41

Coppersmith technique, 101

Coppersmith technique over K[ X], 102
interpolation step, 103

degree
column degree, 23
of a matrix, 23
of a vector, 23
row degree, 23

shifted column degree, 23

shifted row degree, 23
degree reverse lexicographic order, 43
division with remainder, 31, 46

Euclidean algorithm, 2
extended key equations, 87, 205

FGLM algorithm, 7, 68
folded Reed-Solomon code, 91
full rank (polynomial matrix), 22

generic determinant bound, 107, 286
generic initial ideal, 142
Goppa codes decoding, 2
Grobner basis, 7, 20, 39, 46
minimal, 47
reduced, 20, 39, 47
Grobner relation basis, 58
Guruswami-Rudra algorithm, 92
Guruswami-Sudan algorithm, 91-93

Half-gcd algorithm, 3, 78

Hasse derivative, 91, 230

Hermite form, 5, 20, 27, 29, 106
Hermite-Padé approximation, 22, 70
Hilbert Basis Theorem, 38, 40
hypothesis, see assumption

ideal, 20

identity matrix, 21

indexing function, 122
initial module, 44

initial term, 44

interpolant, 75

interpolant basis, 75
interpolation step, 102, 103
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Kotter’s algorithm, 95

Kotter-Vardy algorithm, 93
Keller-Gehrig algorithm, 5

kernel (of a polynomial matrix), 22, 186
kernel basis, 186

key equation, 2, 87
Knuth-Schénhage-Moenck algorithm, 3
Krylov matrix, 4

Lagrange interpolation, 8
leading matrix, 24
s-leading matrix, 24
lexicographic order, 43
linear functional, 59, 98
linear modular equation, 2
linearization, 119, 120
linearly recurrent sequence, 2, 324
list-decoding
folded Reed-Solomon codes, 89, 92, 95
Parvaresh-Vardy codes, 91, 95
Reed-Solomon codes, 89, 92
list-size condition, 90

M-Padé approximant, 75
M-Padé approximation, 95
minimal degree, 19, 30
s-minimal degree, 30
shifted minimal degree, 30
minimal Grobner basis, see Grobner basis
module, 19
finite codimension, 31, 39, 51
finite-dimensional, 20, 31, 39, 51
free, 20
Grobner basis, 19
rank, 20
K[X]-module, 19
K[X]-module, 38
monomial, 41
divisible, 41
monomial basis, 31, 41, 45
monomial ideal, 41
monomial order, 20, 39, 43
monomial submodule, 41
minimal generating set, 41
multi-Krylov matrix, 65, 119, 124

multiplication matrix, 3, 20, 39, 51
multiplication table, 53
multiplicity, see root with mult., 90
multipoint Padé approximation, 2
multivariate interpolation, 89

with multiplicities, 90, 96

Newton Padé approximation, 2
nonsingular, 22
normal form nf(f), 46

order basis, 70
ordered weak Popov
s-ordered weak Popov form, 27
shifted ordered weak Popov form, 27
ordered weak Popov form, 27

Padé approximation, 2
Parvaresh-Vardy code, 91
pivot
s-pivot degree, 27, 28
s-pivot entry, 27
s-pivot index, 27, 28
PM-Basis algorithm [GJV03], 78
polynomial matrix, 20, 21
Popov basis, see also Popov form, 29
s-Popov basis, 29
Popov form, 5, 19, 20, 27, 29
s-Popov form, 29
shifted Popov form, 19, 29
position-over-term, 43
POT order, 44
predictable degree property, 25
Private Information Retrieval, 89, 95

quasi Popov, see ordered weak Popov
quotient module, 31

rank, 20, 22
rational function reconstruction, 2
multivariate rational reconstruction, 40
Re-encoding technique, 93, 101, 235
reduced form, 19, 20, 24

shifted reduced form, 19, 24
reduced Grobner basis, see Grobner basis
Reed-Solomon code, 91
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Reed-Solomon codes, 2
relation, 7, 57, 60
relation basis, 58, 61
residual, 3, 5, 78, 158, 268
root with multiplicity, 90
root with support, 97
root-finding step, 102
row rank profile, 127

row space, 21, 22

shift, 5, 19, 20, 23
uniform shift, 23
shift matrix, 24
shifted degree, 20, 23
s-degree, 23
shifted minimal relation basis, 61
shifted Popov form, 27, 106
shifted Popov relation basis, 61
s-row degree, 23
shifted TOP order, 44, 49
o-basis, 70
soft-decoding, 89, 91, 93, 96
solution, 81
solution basis, 81
standard representation (Jordan matrix), 77
Sudan list-decoding, 93, 323
support, see root with support
system of linear modular equations, 81, 91
syzygy, 7, 39, 56
syzygy module, 7, 56

term, 41

divisible, 41
term-over-position, 43
TOP order, 44

uniform shift, 9
unimodular matrix, 21
unimodularly equivalent, 21

vanish with multiplicity, see root with mult.
vanish with support, see root with support
vanishing condition, 90

weak Popov
s-weak Popov form, 27

shifted weak Popov form, 27
weak Popov form, 27
weight, 90
weighted degree, 90
weighted degree condition, 90
Welch-Berlekamp decoding, 2
Wu algorithm, 93

zero with multiplicity, see root with mult.
zero with support, see root with support
Notations:

H., see assumption

O(+), O (+): asymptotic bounds,

w: exponent of matrix multiplication, 4

Hwmm(.,): super-linearity assumption, 156

Hwm(): super-linearity assumption, 155

MM’: multiplication time, 245

MM: mult. time over K[X]|™*™ 155

M: multiplication time over K[X], 155

MM”: multiplication time, 245

MM’: multiplication time, 245

c;: coordinate vector, 31, 41

diag(ay,. .., an): diagonal matrix,

L,.: identity m x m matrix,

Img(A): s-leading matrix, 24

A, j: column j of a matrix,

A, .: row 7 of a matrix,

rank(A): rank of a matrix A,

AT: transpose of a matrix A,

rep(z,J): repetition of z in J, 270

L: leading terms of Grobner basis, 52

&€ ={e1,...,ep}: monomial basis, 45

B: border (of monomial basis), 52

S: set of exponents,

G: Grobner basis,

(---): ideal specified by generators,

ins(M): <-initial module, 44

in.(f): <-initial term of f, 44

w: often the multiplicity of a root, 90

nf(f): <-normal form of f, 46

<: monomial order, 43

<an: degree reverse lex. order, 43

<lex: lexicographic order, 43

<Pot: < POT order, 44

<tp: <_TOP order, 44
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<5tP: shifted TOP order, 44 K[X]: polynomials in X over K,

w: multiplicity support of a root, 96 K[X].0: nonzero polynomials in X,

wdeg,,, ., (Q): weighted degree of mul- K[X] or K[ X7, ..., X,]: multivariate poly-
tivariate polynomials, 90 nomials over K,

amp(s): amplitude max(s) —min(s), 85

cdeg,(A): s-col. deg. of a matrix, 23

cdeg(A): column degree of a matrix, 23

Da: generic bound on deg(det(A)), 286

H: often a Hermite form, 29

P: often an s-(weak) Popov form, 29

rdeg (A): s-row degree of a matrix, 23

rdeg(A): row degree of a matrix, 23

R.: often an s-reduced form, 24

X#: shift matrix diag(X*', ..., X*), 24

s + ¢: add a constant to a tuple, 24

s, t: shifts (tuples of integers),

h: Hermite shift, 38

Ak permuted submatrix of A, 193

t(ij: permuted subtuple of t, 193

|s|: sum of the entries of s € Z™,

0: uniform shift (0,...,0),

L5(A): column partial lin. of A, 289

&: expansion-compression mat., 157, 288

L5(A): row partial lin. of A, 291

Ts: partial linearization matrix, 288

L 5(+): Storjohann’s transformation, 177

&~ 3(p)/C< p(v): expansion/compression
of polynomial/scalar vectors, 123

K< (M, F): multi-Krylov matrix, 124

Syz;(F): module of interpolants, 75

SyZgn(F): module of solutions, 81

Syzp (F): module of approximants, 70

Syzy (F): module of relations, 57

¢~ p: indexing function, 122

p - F: module scalar product, 57

p - f: module product, 57

Z~o: nonnegative integers,

Z:: integers,

Z~¢: positive integers,

Card(-): cardinality,

K: base field,

L: field extension,

7Z: ideal,

R™*™: matrices over a ring R,

M: module,
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Résumé

Dans cette thése, nous étudions des algorithmes pour un probléme de recherche de rela-
tions a une ou plusieurs variables. Il généralise celui de calculer une solution & un systéme
d’équations linéaires modulaires sur un anneau de polynomes, et inclut par exemple le
calcul d’approximants de Hermite-Padé ou d’interpolants bivariés. Plutot qu’une seule so-
lution, nous nous attacherons a calculer un ensemble de générateurs possédant de bonnes
propriétés.

Précisément, 'entrée de notre probléme consiste en un module de dimension finie
spécifié par 'action des variables sur ses éléments, et en un certain nombre d’éléments
de ce module; il s’agit de calculer une base de Grébner du module des relations entre
ces éléments. En termes d’algébre linéaire, ’entrée décrit une matrice avec une structure
de type Krylov, et il s’agit de calculer sous forme compacte une base du noyau de cette
matrice.

Nous proposons plusieurs algorithmes en fonction de la forme des matrices de multipli-
cation qui représentent l'action des variables. Dans le cas d’une matrice de Jordan, nous
accélérons le calcul d’interpolants multivariés sous certaines contraintes de degré; nos ré-
sultats pour une forme de Frobenius permettent d’accélérer le calcul de formes normales
de matrices polynomiales univariées. Enfin, dans le cas de plusieurs matrices denses,
nous accélérons le changement d’ordre pour des bases de Grobner d’idéaux multivariés
zéro-dimensionnels.

Abstract

In this thesis, we study algorithms for a problem of finding relations in one or several
variables. It generalizes that of computing a solution to a system of linear modular
equations over a polynomial ring, including in particular the computation of Hermite-
Padé approximants and bivariate interpolants. Rather than a single solution, we aim at
computing generators of the solution set which have good properties.

Precisely, the input of our problem consists of a finite-dimensional module given by
the action of the variables on its elements, and of some elements of this module; the goal
is to compute a Grobner basis of the module of syzygies between these elements. In terms
of linear algebra, the input describes a matrix with a type of Krylov structure, and the
goal is to compute a compact representation of a basis of the nullspace of this matrix.

We propose several algorithms in accordance with the structure of the multiplication
matrices which specify the action of the variables. In the case of a Jordan matrix, we
accelerate the computation of multivariate interpolants under degree constraints; our
result for a Frobenius matrix leads to a faster algorithm for computing normal forms of
univariate polynomial matrices. In the case of several dense matrices, we accelerate the
change of monomial order for Grébner bases of multivariate zero-dimensional ideals.
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