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ABSTRACT

Linear systems with structures such as Toeplitz-, Vander-
monde- or Cauchy-likeness can be solved in O7(a®n) op-
erations, where n is the matrix size, « is its displacement
rank, and O~ denotes the omission of logarithmic factors.
We show that for Toeplitz-like and Vandermonde-like ma-
trices, this cost can be reduced to O~(o¢“’71n), where w is
a feasible exponent for matrix multiplication over the base
field. The best known estimate for w is w < 2.38, resulting in
costs of order O™ (a'*®*n). We also present consequences for
Hermite-Padé approximation and bivariate interpolation.

Categories and Subject Descriptors:
1.1.2 [Computing Methodologies]: Symbolic and Alge-
braic Manipulation — Algebraic Algorithms

General Terms: Algorithms, Theory

Keywords: Structured linear algebra, Dense linear algebra

1. INTRODUCTION

Structured linear algebra techniques are a versatile set of
tools. They enable one to deal at once with matrices with
features such as Toeplitz, Vandermonde or Cauchy-likeness,
and that arise in various problems, from interpolation to
reconstruction of rational or algebraic functions, etc.

Following [21], the usual way of measuring to what ex-
tent a matrix possesses one such structure is through its
displacement rank, that is, the rank of its image through a
suitable displacement operator. For P and Q in respectively
K™*™ and K™*™, where K is our base field, we will use the
displacement operator

A[P,Q} . Knxrn — K"X"L
A — A-PAQ.

Two matrices (Y, Z) in K™** x K™** will be called a P, Q-
generator of length o for A if A[P,Q](A) = YZ'. The
main idea behind algorithms for structured matrices is to

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that copies
bear this notice and the full citation on the first page. To copy otherwise, to
republish, to post on servers or to redistribute to lists, requires prior specific
permission and/or a fee.

ISSAC’07, July 29—August 1, 2007, Waterloo, Ontario, Canada.

Copyright 2007 ACM 978-1-59593-743-8/07/0007 ...$5.00.

Claude-Pierre Jeannerod
Arénaire Project, INRIA
Rhoénes-Alpes
46 allée d'ltalie, 69364 Lyon
_ Cedex 07, France
cpjeanne@ens-lyon.fr

Eric Schost
ORCCA and Computer
Science Department
University of Western Ontario
London, ON, Canada
eschost@uwo.ca

use such generators as a compact data structure, in cases
when A[P,Q](A) has low rank. Even though these defini-
tions hold for rectangular A, in most of the paper, except
Subsection 4.1, we have n = m.

Usual choices for P or Q are diagonal matrices, or cyclic
down-shift matrices of size n, defined for ¢ in K by

0 v

o= |1 e K™*™,

10

The Toeplitz structure corresponds to P = Z,,0 and Q =
Zt, 0, 50 that AlZn,0,Zt, o](A) equals A — (A shifted down
and right by one unit). The Vandermonde structure is ob-
tained by taking P diagonal and Q a cyclic right-shift matrix
Zf,w;. For the Cauchy structure, both P and Q are diagonal.

In this paper, we consider the following task:

LinearSystem(P, Q,«): Given a P, Q-generator of length «
for a matriz A € K™*", with a < n, and given v € K",
find a uniform random solution to the equation Au = v, or
determine that none exists.

This problem makes sense only when the operator A[P, Q]
is invertible: this will be the case in our two cases of fo-
cus, Toeplitz-like and Vandermonde-like matrices. Previ-
ous work then yielded the following kind of results: for
the Toeplitz, Vandermonde and Cauchy structures, one can
solve the problem LinearSystem using O”(a®n) operations in
K, where the O™ notation hides logarithmic factors.

When « is constant, such estimates are optimal up to
logarithmic factors. However, there are several situations
where « is not bounded a priori (see examples below). In
the extreme case of very loosely structured matrices, when
« goes up to a ~ n, the cost above becomes O™(n?).

On the other side of the spectrum, we find dense linear
algebra methods. Let w < 3 be such that n xn matrices over
K can be multiplied in O(n*) operations (the current record
estimate is w < 2.38 [10]). Then, linear systems of size n can
be solved in time O(n®), using e.g. LSP factorization [20];
with w < 3, this is better than the above O™ (n?) estimate.

Our contribution bridges a gap between the approaches of
structured and dense linear algebra, in the case of Toeplitz-
like and Vandermonde-like matrices. The algorithms rely
on polynomial multiplication; we will thus denote by M :
Nso — R a function such that polynomials in K[x] of
degree less than d can be multiplied in M(d) operations. We
make the standard super-linearity assumption that M(d +



d") > M(d) + M(d’) holds for all d,d’; see [16, Chapter 8].
Using [38, 9], one can take M(d) € O(dlog(d)loglog(d)).
Using [9], polynomial matrices over K of degree less than d
and size n can be multiplied in O(M(d)n*) operations in K.

The algorithms are probabilistic; to simplify the presen-
tation, we will say that an algorithm has type P(r,d) if it
chooses r random elements in K, say /1, ...,%,, and if there
exists a non-zero polynomial I" € K[L1, ..., L] of degree at
most d such that if I'(4q, ..., £) # 0, the algorithm succeeds.
It follows from the Zippel-Schwartz lemma [11, 44, 39] that
if 41,..., 4, are chosen uniformly at random in a finite subset
S of K, the probability of success is at least 1 — d/|S].

Main results. The first result covers matrices having Toep-
litz-like structure, with P = Z,, 0 and Q = Z}, 5. We obtain
a complexity in O™ (a*"'n) C O™ (a'?®n), to be compared
with an optimal cost of O(an). For « constant, our result
is quasi-linear in n; when a ~ n, we recover the O(n*)
behaviour of dense methods, up to logarithmic factors.

THEOREM 1. The problem LinearSystem(Zy 0,7} o, )
can be solved in time O(a” " *M(n)log®(n)), by a probabilis-
tic algorithm of type P(3n — 2,n* +n).

A fundamental application of this result is the solution of
approximation problems: given a master polynomial M and
polynomials fi,..., fs, one seeks a combination of the f;,
with polynomial coefficients of prescribed degrees, which
vanishes modulo M. This includes in particular Padé and
Hermite-Padé approximation (taking M = z"), with ap-
plications to e.g. recovering the minimal polynomial of an
algebraic power series f (taking f; = f*1).

COROLLARY 1. Let M € K[z] be of degreen, f1, ..., fs €
K[z] be of degrees less than n and let v1,...,vs € N be such
that >, . vi =n+1. One can find g1, ..., gs € Klz], not

all zero, of respective degrees less than v1,...,vs, such that
gifi+-+gsfs =0mod M, in time O(s*~*M(n)log?(n)).
The algorithm is probabilistic of type P(3n — 2,n* + n).

As observed before, the cost is in O7(s*~'n) C O™ (s"*n),
to be compared with an optimal cost of O(sn).

Our second result addresses the Vandermonde-like case,
where P = D(x) is the diagonal matrix with diagonal x =

[z1,...,2n] and Q has the form Z%,w In this article, we
work under the following assumption:
A. For i <n, one has ¥ x; # 1. (1)

The complexity in the Vandermonde case is then similar to
that of the Toeplitz case:

THEOREM 2. Suppose that K has cardinality at least n. If
x € K" and ¢ satisfy assumption A, one can solve problem
LinearSystem(ID(x), Zf, ,,, @) in time O(a”~'M(n)log?(n)),
by a probabilistic algorithm of type P(3n — 2,n> +n).

We conclude with an application of the latter theorem to
polynomial interpolation. The approach applies to any num-
ber of variables, but we discuss only the bivariate case for
simplicity. Consider n interpolation points in K?; without
loss of generality, we assume that they are written as

pi1 = (T1,911) ... 1y = (%1, Y1,0,)

Ps,1 = (Ts,Ys,1) Ds,ve = (Ts, Ys,vs )

with vy > -+ >vs >0and n =v1 + -+ vs. The following
figure illustrates the case s =3, n =7, 11 =3, vs =v3 = 2.

V1:3 V2:2 I/3:2

In general, it is difficult to state a priori that a multivariate
interpolation problem is well-defined. Here, however, given
[vi,jli<i<s,1<j<v; In K™, Theorem 1 in [29] (see also [14])
implies that there exists a unique F' € K[z, y] of the form

F=3cics1<i<u; figa' ™yt

such that F(p;,;) = v;,; for all 4,j. Finding the coefficients
fi,; of F is a linear problem, with Vandermonde-like struc-
ture; we deduce the following corollary of Theorem 2.

COROLLARY 2. If K has cardinality at least n, given the
values v; j, the coefficients f;; can be computed in time
O(min(s, v1)“"*M(n) log®(n)). The algorithm is probabilis-
tic of type P(3n —2,n% +n).

Suppose for instance that v1 = s,v0 = s —1,...,vs = 1,
so that we are interpolating on the simplex of monomials of
degree less than s; here, n = s(s+1)/2. Then, our algorithm
has subquadratic complexity O™ (n“*+Y/2) ¢ O7(n*).
Few practical algorithms are currently known for matrix
multiplication with complexity better than cubic (see [42,
28] and [26] for an exponent 2.77). However, even when
using algorithms of cubic complexity, the re-introduction of
dense matrix arithmetic in our algorithms means that we
can rely on extremely optimized implementations of matrix
multiplication, such as the ones relying on BLAS libraries
for finite field arithmetic [12]. Hence, besides theoretical es-
timates, our approach may lead to practical improvements.

Previous work. The notions of displacement rank and
displacement operators originate from the work of Kailath,
Kung and Morf [21]. Since then, the literature has vastly
developed; see [36] for a list of references.

The basis of Theorem 1 is the algorithm of Bitmead and
Anderson [6] and Morf [30, 31], which requires several in-
vertibility conditions to hold. Kaltofen [22, 23] extended
this idea to arbitrary matrices (see also [5, p. 204] for some
related ideas), obtaining a complexity of O(a*M(n) log(n));
for small «, this is better than our result in Theorem 1. We
follow his approach, our main technical contribution being
the fast multiplication of a Toeplitz-like matrix (given by its
generators) by several vectors.

An important example of Toeplitz-like system solving is
the approximation problem of Corollary 1. In the partic-
ular case of Hermite-Padé approximation, with M = 2", a
central reference is Beckermann-Labahn’s algorithm [2], that
has complexity O(s”M(n)log(n)) for computing a o-basis of
order n of the input system (and thus a solution to the ap-
proximation problem); see [18]. In generic cases, an unpub-
lished result of Lecerf reduces the cost to O(s*~*M(n)logn)
and Storjohann [41] subsequently obtained a deterministic
algorithm of similar complexity, applying in all cases. How-
ever, to our knowledge, these results do not extend to an
arbitrary choice of M. Following notably [1, 43], Becker-
mann and Labahn study that general case in [3] under the
angle of fraction-free algorithms, with however a complexity
more than linear in n.



Another example of Toeplitz-like system that occurs fre-
quently is when the matrix is block-Toeplitz, a block-size
equal to a giving a displacement rank in O(a). Although
Theorem 1 applies to any such system, a deterministic cost
of O(a*"'M(n)log(n)) can be obtained in the particular
case where the matrix is invertible. As described for ex-
ample in [13], this cost follows from combining an inversion
formula of [27] with o-basis computations as in [18].

To prove Theorem 2, we transform a Vandermonde-like
system into a Toeplitz-like one, following Pan’s idea [34].
We use a transformation from [19], generalizing it by taking
into account the possibility of repetitions in the diagonal
component of the operator. Again, the main technical tool
is to multiply (submatrices of) a Vandermonde-like matrix,
given by its generator, by several vectors.

Multivariate polynomial interpolation has been studied
extensively (see [15] for a survey and [4, 8, 45] for algorithms
relevant from sparse techniques). However, to our knowl-
edge, previous references either do not cover the problems we
deal with, or have higher complexity (typically, quadratic).
Regarding the converse evaluation problem, let us mention
the subquadratic complexity result of [33], which however
deals with more general situations than ours.

Organization of the paper. After introducing basic nota-
tion and results in Section 2, we present in Section 3 the
bases of our technical improvement, which can be stated in
terms of polynomial operations only. These results are then
applied, first to the Toeplitz case in Section 4, then to the
Vandermonde case in Section 5.

All complexities are expressed in terms of base field oper-
ations. In several cases, we will add big-Oh estimates, with
sometimes a non-constant number of summands. While such
big-Oh additions are in general delicate to handle, one easily
sees that all our simplifications are indeed valid.

Acknowledgments. We thank E. Kaltofen, G. Labahn,
M. Morf, V. Y. Pan, B. Salvy, A. Storjohann and G. Villard
for useful discussions and comments.

2. NOTATION AND PRELIMINARIES

General notation. In what follows, we consider matrices
and vectors over a field K. Matrices (resp. vectors) are writ-
ten in upper-case (resp. lower-case) sans-serif font. If A is a
matrix, a; is its ith column. If x is a vector, its ith entry is
written z;. Special matrices (diagonal, Vandermonde, ...)
will be written with Blackboard Bold letters D, V, ....

If F is a function on K and x is in K", then F(x) de-
notes the vector of values [F(z1), ..., F(z,)]". We will write
Flip(x) for the vector [0, Zn,...,z2]" € K". For n € N and
r=ro+-+rn1x" ' € K[z] of degree less than n, we
will write Rev, (r) = 7—1 4 - - - + 702"}, For r € K[z] and
s € K[z] nonzero, r div s and r mod s are the quotient and
the remainder in the division of r by s. Finally, Pol(x) is the
polynomial 37" ' ;412" € K[z].

Structured matrices. We associate several matrices to a
vector x in K™: D(x) is the diagonal matrix with diagonal
x; IL(x) is the lower-triangular Toeplitz matrix with first col-
umn x; U(x) = L(x)" is the upper-triangular Toeplitz matrix
with first row x*. For m € N, V(x,m) is the n x m Van-
dermonde matrix V(x,m) = [z]]i<i<n,0<j<m. For ¢ in K,
C(x, ) is the ¢-circulant matrix with first column x; that
is, C(x, p) = L(x) + @U(Flip(x)).

Multiplication by lower- or upper-triangular Toeplitz ma-
trices can be seen in terms of polynomial operations. For y
and z in K", letting u = L(y)z and v = U(y)z, we have

Pol(u) = Pol(y)Pol(z) mod z" 3)
Pol(v) = Rev,(Pol(y))Pol(z) div "~ *.
The next lemma describes a more complex operation, needed

in Section 5.1 for handling Vandermonde-like matrices. (We
refer to [7] for a proof.)

LEMMA 1. Let ¢ be in K, let z be in K™, let x, y and f be
in K, and let g € K™ be defined by

g=C(z,0) V(x,n)" D(y) f.

Let Z = Flip(z), f' = V(x,n +v — 1)! f and F = Pol(f').
Assuming that the entries of x are pairwise distinct, define
G as the unique polynomial of degree less than v such that
G(x) =y. Then we have the equality

Pol(g) = Pol(z)(F Rev, (G) div ") mod ="+
¢ Revy, (Pol(z')(Revpy—1(F) G div 2"~") mod z"). (4)

Given P, Q-generators for a matrix A, a useful tool is the
determination of generators for A of minimal length. Re-
mark 4.6.7 in [36] gives the following result.

PROPOSITION 1. Let P,Q € K™*™. Given a P,Q-genera-
tor of length o for A € K"*", one can compute a P,Q-
generator for A of minimal length in O(a®”~'n) operations.

3. POLYNOMIAL OPERATIONS

We discuss here two problems involving polynomials, that
boil down to suitably using polynomial matrix multiplica-
tion to speed up the simultaneous computation of several
trilinear expressions.

3.1 First problem

In the following, some integers n and a < n are fixed. Let
(Yi)i<a, (Zi)i<a and (Fj)j<a be in K[z], all of degree less
than n. The next proposition will be used in Section 4.

PROPOSITION 2. One can compute the polynomials
GjI ?:IY;'(ZZ‘F]' modr”), j:17...,a
using O(a” " *M(n)log(n)) operations in K.

Proor. Up to replacing n with 7 = 2M°8(M1 and F; with
™" F;, we can (and will) suppose that n is a power of 2.

We first show how to rewrite truncated products using
non-truncated ones, using ideas reminiscent of short prod-
ucts [32]. Let k > 1 be a power of 2 and let £ be in N. For
P =po+piz+---, we define PO ¢ K[z] as follows:

tk+k/2—1

Z pimiffk

=Lk

pen = pe and plk) — for k > 2.

In all cases, PUF) g a polynomial of degree less than k/2.
Using this subdivision enables us to rewrite a truncated
product PQ mod z™ as a sum of non-truncated ones.

LEMMA 2. For P and Q in K[z] and m a power of 2,

m/k—1
PQ mod 2™ = Z Lz Z P(z,k)Q(m/k—1—z,k)7
k=1,2,4,...,m =0

where the sum is taken on all k < m that are powers of 2.



PROOF. We proceed by induction on m > 1, for m a power
of 2. If m =1 this is clear, so assume m > 1. Let us write

P mod 2™ = Po+2™/?P;, and Q mod 2™ = Qo+2™/?Q1,
with Py, P1, Qo, Q1 of degree less than m/2. Then we have
Po(e,k) _ pk) 4 P1<e,k) _ ple+m/2k.k)

for any k > 1 and ¢ > 0 such that ¢k + k/2 < m/2. Analo-
gous equalities hold for @, Qo and Q1. Now, by definition,

PQ mod 2™ = PyQo +mm/2(PoQ1 + P1Qo mod xm/Q). (5)

Observe first that PoQo equals PO™ Q™)  which corre-
sponds to the term k& = m in the right-hand side of the
formula we wish to establish. Next, the induction assump-
tion shows that Po@Q; mod ™2 is given by

m/2—k V/2k—1 5(6,k) ~(m/2k—1—1,k)
Zk:172,..4,m/2$ / ZZ:/O Pé )le/

_ m/2k—1 —1—
_ Zk:1,2 YYYY /2 M2k Zz:/o P(Z,k)Q(m/k 1-2.k)
Similarly, P1Qo mod z™/? equals
m/2—k x\om/k—=1 p(ek) A(m/k—1—L,k
Zk:l,Z,...,m/Qw / ZZ:m/Qk Pl )Q( / ).

Putting these equalities in Equation (5) ends the proof. O

We can now prove the proposition. Lemma 2 shows that for
all ¢ and 7, Y;(Z; F; mod z™) equals

gk yn/kly, Zi(é,k)Fj(n/k—l—é,k).
Thus for j < a, wehave G = >, 5, "% Gk, with
a n/k—1 Lk) p(n/k—1—Lk
Giw =0, ity Zz0 pi/ ).

LEMMA 3. Let k < n be a power of 2. Then one can
compute G g, ..., Gax in O(@“ " M(n)) operations in K.

PRrROOF. Let k' = n/k, and let Z and F be the a x k' and
k' x o polynomial matrices

Z;O.k) Zik'—l,k) Fl(k’—l,k) Fék'—l,k)
Z=1 ; , F= :

Z&é,k) Z((yk:/.—l,k) F1((3~k> F((ydﬁk)
Then we have the equality

[Gig -+ Gax ]=[M Y. | ZF.

All entries of Z and F have degree less than k/2. Hence, for
i < o, we write V; = Zf;l Y; oz, with Y; ¢ of degree less
than k. We can then define the k' x o matrix
Yi,o - Yo,0
Y —

Yl,k/—l Ya,k’fl

with polynomial entries of degree less than k, such that
Vi - Yol =[1 a* 2 2®=DEIY.(6)

We bound the cost of computing the product Y ZF by con-
sidering two cases: if o < k' then compute Y ZF as Y(ZF) in
time O(a“ ™'k’ M(k)); if &' < o then compute it as (Y Z)F
in time O(a®~" "k’ M(k)). Both costs are in O(a* " 'M(n))
because of k' M(k) < M(n). Finally, by (6), G1.k,---,Gak
are deduced from Y ZF in time O(k’ a k) C O(an). O
To conclude the proof of Proposition 2, we apply Lemma 3
tok=1,2,4,...,n, for a total cost of O(a”"*M(n)log(n)).
The cost of deducing G1,...,Gq is O(anlog(n)). O

3.2 Second problem

As above, integers n € N and a < n are fixed. Let also
s < aand vi,...,vs € Nyg be such that n = v + -+ - 4+ vs,
and (Zi)iga, (Hi,j)iga,jgs, and (Wj)jgs be in K[LE], with
deg(Z;) < n, deg(H;;) < v; and deg(W;) < n+ v;. The
next proposition will be used in Section 5.

PROPOSITION 3. One can compute the polynomials
Py =Y Zi (Hi;W; diva™i™'), j=1,...,s
using O(a*~"*M(n)log(n)) operations in K.
PRrOOF. We start with a lemma.

LEMMA 4. Fori < « and j < s, let G;; = H; ;W; mod

7Y, Then one can compute the polynomials

Q]' = Ziazl ZZ'GZ"]' and R]' = Z?:l ZiHi’j, ] = 1, A
using O(a*~"*M(n)log(n)) operations in K.

PROOF. For given i and j, G;,; can be computed in M(v;)
operations, so the total cost for all G; ; is at most a M(n).
The polynomials G;,; and H; ; both have degree less than
v;; thus, computing Q1,...,Qs and computing Ry,..., Rs
are similar problems and we focus only on the first of them.

Let 3 < n be a power of 2 and define S = {j < s | |5/2] <
v; < }. We will prove below that one can compute the
polynomials {Q; | j € S} with O(a*~*M(n)) operations
in K. This will yield the conclusion of the lemma, since it
suffices to take 3 =1,2,4,...,2 8] ¢4 obtain all Qj-

Let L = [n/@], and let us write Z; = >, AT
with Z; ¢ of degree less than 3. It follows that for all j, Q;
equals Y, . Qe with Qj0 = Y% | Zi 4G ;. For j € S,
the polynomials @Q; ¢ have degree less than 23. Thus, once
these polynomials are known, the polynomials @, for j € S,
can be recovered in time O(rn) € O(an), with r = |S]|.

Writing S = {j1,...,Jr}, the polynomials Q;, are ob-
tained through the following matrix-matrix product:

Qj1,0 =+ Qjp,0 Z1,0 = Za,0 G151 = Gigr

Qjy,L—1 " Qjp,L—1 Zi,L—-1 " Za,L—1 Ga,jp  Ga,jp

These matrices have sizes (L x 7), (L X ) and (a X r), with
entries of degree less than 8. To conclude, we distinguish two
cases, using the fact that r < s < a <n. If r < L then r =
min{L, o, 7} and the above product can be computed in time
O(L ar“ 2 M(B)), which is in O(a"*M(n)). If r > L then
L = min{L, a,r} and the cost is now O(ar L*"2M(B)); to
get the same bound as in the previous case, let us check
that » < 2L. By definition of L, one has r > n/j3, thus
B > 1. Then r3/2 < 37, gv; < n by definition of S and
thus r < 2L. O
The proof of Prop. 3 comes from P; = (R;W; —Q;) div a1,
Indeed, knowing the polynomials @; and R;, we can deduce
the polynomials P; in time O(s M(n)) C O(aM(n)). O

4. THE TOEPLITZ CASE
The operator associated with the Toeplitz structure is
AlZno, Zhol(A) = A = ZnoAZy oy, A€K™™ (7

This operator is invertible: given (Y,Z) in K™*® x K"*<,
there is a unique A such that A[Zy,0,Z! o](A) = YZ'. In
addition one has the so-called ¥LU representation [22]

A= Ly)U(z).



Using Equation (3), it allows to compute a matrix-vector
product Au in O(aeM(n)) operations in K. Our problem in
this section is the converse one: given v in K", find u such
that Au = v (or conclude that no such vector exists).

For large o, we improve known algorithms, reducing the
cost from O(a*M(n)log(n)) to O(a*~*M(n)log®(n)). The
key is an extension of the direct problem: given Y,Z and
ui,...,uq in K" compute the a products v; = Au; € K".

4.1 Preliminaries
In addition to the operator in (7) we will use the operator

A[Zt 0, Zn o) (A) = A = Zh g Ao, A€ K™™.

Regardless of dimensions, the operators A[Z%’O,Zm,o] and

AlZn,0,Z, o] are called respectively ¢_ and ¢4 in [35, 22,
23]; their generators are ¢_-generators and ¢ -generators
(from now on, we use this simplifying notation.)

We conclude this subsection with some useful results on
generators for submatrices, sums, products, ...Our contri-
bution is Proposition 6 below, which is a faster version of [35,
Prop. A.3] for generating matrix products; as in [22, 23] we
extend the result to rectangular matrices. Proofs not given
here can be found in e.g. [6, 31, 35, 22].

First, a key feature of ¢_ is that when A is invertible, the
ranks of ¢4 (A) and ¢_(A™') coincide. Second, when A is
square then the ranks of ¢4 (A) and ¢_(A) differ by at most
2. The next lemma gives the complexity of converting from
¢—- to ¢-generators; the same holds for converting back.

LEMMA 5. Given a ¢_-generator of length o for the ma-
triz A € K"*™, one can compute a ¢-generator of length
a+2 for A in O(aM(n)) operations in K.

Assuming that n = m, partition A into blocks as

A1 A
a=[amiaz], (8)
with A;; € K"*"  and ni + nz = n. Then the rank of
¢+ (A1,1) is at most the rank of ¢4 (A); if Ay is invertible
and has its upper-left entry non-zero then the same bound
holds for Az > — A2 1AT A: 5.

PROPOSITION 4. Given a ¢4-generator of length o for A,
one can find ¢4 -generators of length O(a) for all A;; in
time O(aM(n)). Conversely, given ¢-generators of length
at most o for all A; 5, one can find a ¢ -generator of length
O(a) for A in time O(aM(n)).

ProPoOsSITION 5. If (T,U) and (Y,Z) are ¢-generators
for the n x m matrices A and B, then ([T Y], [U Z]) is a
¢4 -generator for A+ B.

ProPOSITION 6. If (T,U) and (Y,Z) are ¢4-generators
for A € K" and B € K™*?, of lengths o and 3, one
can find a ¢y -generator of length a + 3+ 1 for AB in time
O(v*~'M(q) log(q)), with v = max(a, 3), ¢ = max(n,m, p).

PrOOF. Let V = B*U and W = Zn AZﬁn,OY; let also a
(resp. b) be the lower shift of the last column of A (resp. B).
Then the proof of [22, Prop. 2] shows that [T W a] and
[V Z —b] form a ¢-generator of length o+ 8+ 1 for AB.
Let us detail the computation of V. when m > p. We
reduce to the square case by taking B’ = [0 B] € K™*™.
Then ¢ (B') = YZ'* with Z'* = [0 Z!] € K°*™ and, V being
read off V/ = B'*U, we focus on computing the product V'.

Since B’ is square, B’ = -7 | L(y;)U(z;) with y; (resp. z})
the ith column of Y (resp. Z’). Thus, its transpose is B'* =
S0 L(Z)U(y:) = 37, JU(2) L(y:) J, with J the reversal
matrix of order m. Now let u; (resp. v}) be the reverse of the
jth column of U (resp. V’). The formula for B’* thus gives
v =37 U(z))L(y;) uj. In polynomial terms this reads

V) = (X0, Z (YiU; mod z™)) div 2™,

with Vj = Pol(v}), Z; = Rev,,(Pol(z})), Yi = Pol(y;) and
U; = Pol(uy), all of those being in K[z]. By Proposition 2,
we can compute the polynomials Z?zl Zi (Y;U; mod ™) for
j=1,...,a (and thus V') in time O(y*~*M(m) log(m)).
The case p > m is treated similarly, padding B with p—m
zero rows. The computation of W is done similarly too, by
multiplying A on the right by Z!, oY. Computing a and b is
faster: it suffices to multiply A and B by a single vector. O

4.2 Solving Toeplitz-like linear systems

We now prove Theorem 1. Let (T,U,w) € K™"** x K** x
K" be the input of problem LinearSystem(Zn 0, Z!, 0, ). As
in [22, 23] we reduce by randomization to the same problem
but with “more regular” input (Y,Z,v). Let B be given by
#+(B) = TU', let A = U(y) BL(z) and v = U(y) w where y, z
are random vectors in K™ with first entry 1. Then, Bt = w
if and only if Au=v and t = L(z) u. We focus on the latter
problem, since t can be recovered from u in time O(M(n)).
Note that we can get (Y,Z) € K"*(®) x K™"*9(®) guch that
¢+ (A) = YZ' in time O(a M(n)).

By Theorem 2 in [25], there exists a non-zero polyno-
mial T' of 2n — 2 variables and degree n? + n, such that
if T(y2,.--,Yn,22,...,2n) # 0, A has generic rank profile.
Suppose that this is the case; with r the rank of A, define
now A, € K™*" as the largest non-singular leading principal
submatrix of A. Given a ¢_-generator of length o for AL,
and using a third random vector of size n, Theorem 4 in [25]
(see also [22, Prop. 3]) shows how to find a uniform random
solution to the equation Au = v (if one exists) in O(aM(n))
operations. The following proposition gives the cost of find-
ing a suitable ¢_-generator for A !, proving Theorem 1.

PROPOSITION 7. Given a ¢-generator of length o for
A € K™*™ with generic rank profile, one can compute its
rank v as well as a ¢_-generator of length at most o for
A in O(a"*M(n)log®(n)) operations in K.

Proor. We use Kaltofen’s Leading Principal Inverse algo-
rithm [22, 23]; with Proposition 1, it becomes deterministic,
as noted in [37, §7]. The proof of Theorem 3 in [22] shows
that its cost is T'(a,n) = O(a®) if n < « and otherwise

T(a,n) = T(a,[n/2]) +T(a, [n/2])
+Ti(a,n) + Ta(a,n) + O(a* " 'n + aM(n)).

Here the term in O(a® " 'n+aM(n)) bounds the cost of some
conversions between ¢4~ and ¢_-generators (Lemma 5) and
the cost of some length minimizations (Proposition 1); the
terms 7' (a,n) and T2(e,n) are the costs of two tasks we
shall describe now, after recalling some notations from [22].
With ny = [n/2], partition A as in (8) and A, as
_ [A11 A’LQ]
A= hin]
Assume that A1 is non-singular (else, the cost is smaller)
and let A = Az 5—Az1AT [A12 and A" = Ab 5 —AL AT A .



Given ¢-generators of length O(«) for A and Af&, the first
task is to compute a ¢y-generator for A. Using Proposi-
tions 4, 5, 6, its cost is T1(a,n) = O(a*"*M(n) log(n)).
The second task is: Given ¢-generators of length O(«)
for A, A;j, A'_l, compute a b4 -generator for A1, Recall
first that (see e.g. Theorem 5.2.3 in [36])
C 12 = —ALIALA T
AL = {Biyi A}fl] with  Bj, = —A'"TAL AT
’ ,1,1 = Af} - /1,2A,2,1A17&-
Then we get as before To(a,n) = O(a”"*M(n)log(n)). It
follows that T'(a, n) = O(a”"*M(n) log?(n)). O

4.3 Application: Pade-type approximation

We conclude by proving Corollary 1. Write M = "7 mizt,
with m, = 1 and let M € K"*™ be the matrix of multipli-
cation by # modulo M. For i < s, let A; € K*"*"i be the
matrix [fz Mf; - Myiilfi], where f; = [fi’() cee fz‘,n71]t is
the vector of coefficients of f;. Let finally A=[A; --- As] €
K™+ and A’ € K®HU*(+1) 16 the matrix obtained by
padding A with an (n + 1)th row full of 1’s.

Since A has non-trivial kernel, the system A'u = [0--- 0 1]*
admits a solution, and any such solution solves our problem.
The following lemma shows the Toeplitz-like structure of the
matrix A’; combining it with Theorem 1 proves Corollary 1.

LEMMA 6. One can compute in time O(sM(n)) a ¢4-
generator of length s + 2 for A’.

PROOF. One has M = Zj, o — me’,, with m = [mj]6<j<n and
e, =10 --- 01" € K™ Fori < s, let a; € K**"i be the last
row of A;, let mi = [mn—;lo<; ., and let bi = [fin—j]i<;<,.
with f; _1 = 0. Noticing that LL(m;)a! = b;, we see that the
entries of a; can be computed in time O(M(v;)). Thus the
last row of A, which isa =1[a1 ... a5] € K1X<”+1), can be
computed in time O(M(n)).

Given a ¢-generator of length « for A, one then obtains a
¢ -generator of length a+1 for A’ by adjoining the columns
ent1 and [1 --- 1] — b, with b = Z,+1,0a". We can thus
focus on finding a generator for A.

One has ¢4 (A) = A —MAZ, ;o — mb’. Taking fo = 0,
we can write A—MAZZH’O asYZ' =ly1 -+ ys][z1 -+ zs]",
where y; = f;, —M"*~1f,_; and z; is zero, except for a 1 at row
1+ v+ -4 vi—1. Since M"i—1f;_; is the coefficient vector
of -1 f;_1 mod M, it can be computed in time O(M(n)),
so Y and Z can be computed in time O(s M(n)). Using the
remarks in the above paragraphs, this proves the lemma. [

5. THE VANDERMONDE CASE
In this section, x € K" and ¢ € K are as in Equation (1).
The operator associated with the Vandermonde structure is

AD(x), ZE p](A) = A —=D(x) AZL, .

With our choice of 1, Theorem 4.3.2 in [36] shows that
this operator is invertible. Moreover, given Y,Z in K"*¢,
Ex. 4.4.6 in [36] shows that the unique matrix A € K"*"
such that A[D(x), Z!, ,](A) = YZ' is

A=D((1—yx")7") 30, D(yi) V(x,n) Clzi,9)". (9)

In this section, we prove Theorem 2. Following [34], we
turn a Vandermonde-like system Au = v into a Toeplitz-
like one. Our reduction follows that of [19]. However, that

reference requires the entries of x to be pairwise distinct, i.e.,
that V(x,n) be invertible; else, the preprocessing step in [19,
Section 2] fails. Similarly, the reduction in [36, Example
4.8.4] does not solve the problem when V(x,n) is singular.

In the application of Subsection 5.4, this assumption does
not hold. Hence, a new parameter will enter the discussion,
the multiplicity of x, which is the maximal number of repe-
titions in x. Formally, if x = [z1, ..., zy], the multiplicity s
of x is defined as max;<, #{1 <j<n|z; = z;}.

If o is a permutation of {1,...,n}, we have the relation

AD(x), Zy, p)(A) = EAD(0 - x), Zy, ,)(S7'A), (10)

where ¥ is the matrix of 0. Knowing D(x), Zﬁl,w—generators
of A gives D(o -x), Z, ,-generators of ¥~ 'A by permutation.
Solving Au = v and ¥ 7' Au = =~ !v are equivalent problems,
so we can permute the entries of x if needed.

5.1 A multiplication problem

Up to permutation, we can (and will) suppose that x has
the form x = [x¢, ..., x%]%, with x; a repetition-free vector of
size v;, and that for j < s, all entries of x; belong to x;11.

Let Y and Z be in K™%, and let A be the unique n X n
matrix such that A[D(x), Z!, ,](A) =Y Z*. Splitting A along
its rows according to the above partition of x, we write

A=Al All", with Aj in K" (11)

Given vectors wi,...,ws, with w; in K7, we study in this
subsection the cost of computing all products Aj-wj e K".

PROPOSITION 8. On input x, ¢, Y, Z and wi,...,Ws as
above, and assuming s < «, one can compute all products
Al w; using O(a””'M(n)log(n)) operations in K.

PROOF. Let y; and z; be the columns of Y and Z. We adapt
the partition of x and A to the vectors y;, writing y; =
i1, yis)" with y;; in K. Since A is given by (9), its
submatrices A; are given by A; = D((1 — ¢ x})™") B, with

Bj = Y1 D(yi,;) V(xj,n) Clzi, ¥)".

For j < s, let f; = D((1 — ¥ x})~")w;. Deducing all the f;
from x and ¢ and the w; in O(nlog(n)) operations in K, we
are left with computing all the products B;fj.

For i < o and j < s, define first the vectors g;; in
K™ by gi; = C(zi,¥) V(x;,n)' D(y; ;) f;. It follows that
Pol(Bif;) = > % Pol(gi,;). Next define the vectors fj =
V(x;j,n + v; — 1)'f; and their corresponding polynomials
F; = Pol(f;) and F; = Revpyy,—1(Fj). Define also G ;
as the unique polynomial of degree less than v; such that
Gi,j (Xj) =VYi,j- Finally, let G;’j = Revl,j (Giyj), Z; = P0|(Zi)
and Z; = Pol(Flip(z;)). The vector x; being repetition-free,
Lemma 1 then gives

Pol(BYf;) = >0, Zi (F; G} ; div 27 ~") mod "+
Y Rev, (30, Zi (Fj Gij div "9~ ") mod z").

Applying the transpose of a rectangular Vandermonde ma-
trix of size v; X (n + v; — 1) to a vector can be done in
time O(M(n)log(n)) by [17, Theorem 10.4]; since s < a,
all f;, and thus all F; and F}, can be computed in time
O(aM(n)log(n)). Using fast interpolation [16, Chapter 10],
we compute each G;; in time O(M(v;)log(v;)) and thus
all G;; and G} ; in time O(aM(n)log(n)). Proposition 3
shows eventually that all Pol(Bf;) can be computed in time
O(a*"*M(n)log(n)), which concludes the proof. O



5.2 The case of low multiplicities

We reduce here the Vandermonde case to the Toeplitz one;
we adapt the reduction of [19], allowing for repetitions in x.

PROPOSITION 9. Let x € K" and ¢ € K be as in Equa-
tion (1), and let s be the multiplicity of x. For s < a,
one can solve the problem LinearSystem(ID(x),ZY, ., ) us-
ing O(a”"*M(n)log?(n)) operations in K. The algorithm
is probabilistic of type P(3n — 2, n? 4+ n).

PROOF. Given Y and Z in K™*® and v in K", we are looking
for solutions u to the system Au = v, where A is the n x n
matrix such that A[D(x),Z;, ,](A) = Y Z'. We first reorder
the entries of x so that x = [x},...,x%]*, where each x; € K"
is repetition-free and, for j < s, with entries belonging to
xj+1; we reorder v and the rows of A and Y accordingly.
Then for j < s,

D(x;) = V(x;, 1) M;V(x;,05) ",

where M is the v; X v; companion matrix associated with

the monic polynomial m; = Hanj (z — a). It follows that

D(x) = WMW™!, (12)

where W is block-diagonal, with blocks V(x;,v;), and M is
block-diagonal, with blocks M. For k € N5 and ¢ < k, let
ex,; be the ith unit vector in K¥; for j < s, let m; be the
coefficient vector of —m;. Then M; = Z,, 0 + mjef,j%. and,
defining 1/; =+t vy,

M= Zn,[) + Z;:l gjei,u;7 (13)

with g1,...,gs in K". Using subproduct-tree techniques [16,
Chapter 10], all polynomials m;, and thus all vectors g;, can
be deduced from x € K" in O(M(n)log(n)) operations.
With B = WA and v = W™y, solving Au = v amounts
to solve Bu = v'. To do so in the claimed complexity, we
exhibit the Toeplitz-like structure of B and bound the cost
of computing v’ and a generator for B. From (12) we get

B-MBZ, ,=Y'Z', Y =Wy.

Then, from (13) and the relation Z,,y = Zn,o + 1 €n,1€h s
we deduce that B —Z, 0 B wa is given by

VZnoBennehs + (i_igieh.: )BZL, + Y'Z"

Define the vectors fi = ¥ Z,,0Ben,n and, for j < s, h; =
Bten’,,; and h = Z, yh;. The above formula then becomes

AlZn,o,Zh 0)(B) = frel, 1 + GH +Y'Z",

where G (resp. H') has columns g; (resp. h;). The matrices
[fi G Y’'] and [en,1 H' Z] thus form a Zn,o, Z}, o-generator of
length a4+ s+ 1 < 2a + 1 for B. Once this generator and
v’ are known, Bu = v/ can be solved within the prescribed
complexity by Theorem 1. Hence it remains to estimate the
cost of computing v',f1,Y’, H (for G, this was done above).

Recall e.g. from [19, Section 2] that in view of (9), multi-
plying A by a vector has cost O(a M(n)log(n)). Since mul-
tiplication by W~ has cost O(M(n) log(n)), we deduce that
Benn = Wt (Aen,n), and thus f1, can be computed in time
O(aM(n)log(n)). The same bound holds for computing the
a columns of Y = W'Y, whereas computing v/ = W™ 'v
costs only O(M(n)log(n)). We are thus left with computing
the vectors hj, as deducing the vectors h} takes time O(a).

For j < s, one has by definition h; = AtW_ten’l,;. Defin-
ing w; as the last row of the inverse of V(x;,r;) and using
(11), we see that h; is in fact the vector Alw’. Now observe
that w; is obtained by multiplying V(x;j,v;)"* by a vec-
tor on the left, which can be done in time O(M(v;) log(v;))
by the algorithm of [24, Section 5]; hence, all vectors w;
can be computed in time O(M(n)log(n)). Proposition 8
then shows that all vectors h; can be computed in time
O(a*~*M(n)log(n)), which concludes the proof. O

5.3 The case of high multiplicities

We conclude the proof of Theorem 2 by considering the case
of high multiplicities (s > ), reducing it to the case of low
multiplicities (s < a) seen in Subsection 5.2. Our reduction
has cost O(a” ' n) and fits in the requested bound.

As above, we are given Y and Z in K™*® and v in K", and
look for solutions u to the system Au = v, where A is the
n x n matrix such that A[D(x),Zi, ,](A) =Y Z*.

We assume that Y and Z have full rank (if this is not the
case, replace them by minimal-length generators, for a cost
of O(a®~'n) by Proposition 1). Then we reorder x, to write
it as x = [x},...,xL]%, where x; is a vector consisting of y;
repetitions of the same element &;, so that n = py +- - -+ pir,
and with & # §; for ¢ # j and pu1 > -+ > p,. Applying the
same reordering to the rows of A and Y, we write

A= [Al All" and Y=[Yi oo Yi],
with A; in K#*™ and Y; in K#*“. Hence, A; —D(xi)AiZ%yw
equals Y; Z'. For k € Ny denote by I the k x k identity
matrix. Then D(x;) equals &1, and, since ¥&;"™ # 1 for all
i, all matrices I,, — &mep are invertible. We thus obtain the
equalities A; = Y,;Z% (I, — fithw)_l for1<i<r.

Since the matrix Zt(Hn — .fiZfL’w)*l has full row rank, the
linear dependencies between the rows of A; are the same as
those between the rows of Y;.

Now let 7 be such that pur > o > pr41. For i < 7, let
pi = rank(Y;) = rank(A;) and let J; C {1,..., i} be such
that the rows of Y; indexed by J; are linearly independent.
Since Y, has dimensions p; X a with @ < p;, one can compute
J; in time O(a®~'u;), for example using [40, Prop. 2.15).
Since Y7_, s < n, the total cost is in O(a“~'n).

For i < 7, let A; € K?*™ be the submatrix of A; obtained
by deleting the rows of index not in J;; for i > 7, let A} = A,.
Define now A’ € K"*" by stacking the matrices A} and
padding with >~7_, (u: — ps) zero rows. From the right-hand
side of Au = v, define v/ € K" in the same way as A’, by
zeroing out appropriate entries. Since the solution sets of
Au =v and A'u = V' coincide, we solve the latter problem.

Define the matrices Y, and Y’ similarly to A} and A’ by
removing redundant rows and adding zero rows. Define also
the vector X' € K" by removing, for i < 7, ;—p; entries from
xi, and completing by >-7_, (s — pi) pairwise distinct values
not already in x. Then by construction A" — D(x")A’ZL, ,,
equals Y’Z!. Furthermore, the multiplicity of the vector x’
is now at most «, since all p; are at most a. Hence, we are
left to solve a Vandermonde-like system with multiplicity at
most a, the cost of which follows from Proposition 9.

5.4 Application: bivariate interpolation

Let {p;,;} be a set of points as in Equation (2) of Section 1,
recalling that we assume v1 > --- > vs > 0; we also let
vs+1 = 0. We conclude by proving Corollary 2 on the com-



plexity of interpolation at the points {p;,;}.

We first order the input set of points. For 1 < i < s, let
Pl' be the list [pi,]' | 1 S ] g Z/i]7 and let P = [P1,--~ ,PS}.
For p = p;; € P, we also write z(p) = =i, y(p) = yi ;.
Taking z-coordinates, for ¢ < s, we let x;, be the vector
[€sy ..., xs] € KY and write x = [x1,...,%s] € K".

We next order the monomial support. For 1 < 5 < vy, let
1 < 7; < s be such that v,; > j > vr;41 holds, let B; be
the list [z°"'y/~' |1 <4 < 75] and let B = [Bi,---, Bu,].
Letting Span(B) be the vector space {>, 5 fob | fo € K},
we are thus interested in the evaluation map F € Span(B) —
[F(p)]pep and its inverse.

Let A = [b(p)lpepben € K"*™ be the matrix of this map,
with rows indexed by P and columns by B. Let us write
A=A --- Ay ], with Aj = [b(p)]pepben,; € K"*77. Then
A[D(x), Zt, ](A) can be written GH' = [g1 -+ - gu, ][h1 - - hu, ]
where h; is zero, except for a 1 at row 1 + Zi;i Tk, 81 =
[1,...,1]  and g; = [y(p)’ " —y(p)’ *x(p)"~*],ep for j > 1.

The matrices G, H can be computed in time O(rv1nlog(n));
Theorem 2 then shows that the system Af = v can be solved
in time O(v*~*M(n)log?(n)), where f is the coefficient vec-
tor of the polynomial to interpolate and v is the value vector.

To prove Corollary 2, we prove another upper bound of the
form O(s“~'M(n)log®(n)). This is done by reordering the
entries of B. For i < s, write B} = [z" 'y 71 |1 < j < vy,
and let B’ = [B1,---, Bi], so that B’ and B coincide up to
order. We then define the matrix A’ = [b(p)],ep.pe ', Which
equals A up to reordering the columns. Using now the y-
coordinates of the points in P to describe the Vandermonde
structure of A’ leads as above to the claimed bound.
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