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1 Introduction

1.1 General context

Approximation problems are a central topic in computer algebra, with historical roots tracing back to the
pioneering work of Hermite and Padé in the 19th century [23, 11]. Given a modulus M and a vector of
elements [f1,. .., fm], the goal is to find a vector of polynomials [g1, ..., gn] that are a solution to g1 f1 + ...+
Imfm = 0 mod M. This formulation encompasses several fundamental problems, in particular: Hermite-Padé
approximation (taking M = x?); Padé approximation (taking M = z¢ and m = 2), which applies to the search
of relations for linearly recurrent sequences [5]; and rational interpolation (taking M = (z —a1) -+ - (x — aq),
where ay, ..., aq are distinct known elements of the base field K) [13].

Scientists have explored two main approaches to design efficient algorithms for this problem: one based on
polynomial matrix computations, the other on structured linear algebra. Structured matrices are compactly
represented by generators. A smaller displacement rank (the number of columns of the generators) yields a
stronger structure, enabling faster algorithms for tasks like solving linear systems [3, 1].

In this work, the field K for coefficients of polynomials and matrices is left unspecified: it can be a prime field
7./pZ, the rational numbers Q, extensions of them, etc. We focus on the complexity of algorithms performing
exact algebraic computations, thus with no issues related to e.g. rounding errors or numerical stability.

1.2 Research problem
Let dy,...,d,,n,m be positive integers. We consider the following general approximation problem:
» Problem 1. ApproxProblem

Input: A modulus denoted by M, F = [fi;] € K[z]"*™, where f;; is of degree strictly less than d; for
i=1,...,nandj=1,....m, and v = [v1,...,vn] a set of positive integers.

Output: nonzero g = [g1,...,gm]" € K[z]™ such that F-g = 0 mod M and deg(g;) < v; for
j=1,...,m. If no such vector exists, return ().

We study two versions of Problem 1, each arising from a different form of the modulus M:

1. ApproxMultMod (01, F, v): the modulus is a list of polynomials 9 = [M;]1<i<,, € K[z]" with deg(M;) = d;.
2. ApproxMatrixMod(M, F, v): the modulus is a polynomial matrix M = [M;;] € K[z|"*", with deg(M;;) = d;

and deg(MZj) < d; for all i # j.

The fastest known algorithms to solve these versions are based on polynomial matrix computations, with
complexity O(max(n, m)“~' - D) in [20] and [22]. Here, D = >_7_, d;, O is the O-notation ignoring logarithmic
factors and w is the exponent of matrix multiplication such that 2 < w < 3 (see Chapter 15 of [6]).

In [7], ApproxMultMod (9, F, v) is solved in O(max(n, m)“~! - D), which is the best known complexity. This is
done via a reduction to a linear system with a quasi-Toeplitz structure, generalizing the reduction developed
in [3] for the special case n = 1 (where the modulus is then a single polynomial M € K|z]).

We next formalize such problems of type A - u = v, where A has a quasi-Toeplitz structure. The generators of
this structure are defined with respect to specific displacement operators (cyclic down and right shift matrices).

» Problem 2. LinearSystem
Input: G € K" H e K™% v € K™ such that G and H are the generators of a quasi- Toeplitz matrix

Ac K™ andv=|vi,...,vu]" € K™ is a vector of coefficients.
Output: nonzero u € K®1 such that A -u = v if it exists, otherwise return ().

The best known algorithms for solving Problem 2 are given in [3, 1] and run in O(a®~" - max(n,m)). These
algorithms are randomized and thus require a large enough field K to ensure that they work with a positive
probability of success.

1.3 Contribution

Let C' = 377", v;. We can classify our results into two main categories: the reduction of approximation
problems to structured linear systems, and the design of a deterministic algorithm for solving such structured
linear systems.
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l. Reducing approximation problems to structured linear systems

We present a new reduction of ApproxMatrixMod(M, F, ) to a quasi-Toeplitz linear system (Algorithm 4), not
previously done in the literature, built from an alternative reduction of ApproxMultMod (90, F, v) (Algorithm 2).
Both achieve the best known complexity O(max(n, m)*~'- D) for Problem 1.

The reduction for ApproxMatrixMod(M, F, v) is deterministic and relies on the construction of a quasi-Toeplitz
matriz A = [Aq, ..., Ay] € KPXY where for each j, we have

Aj=[Fy X(M)-Fy -0 XMy Fy e KD,

Here F,; is the vector of coefficients of the j-th column of F and X(M) a generalization of companion matrices.
We compute G, H, generators of A, with only O(max(n,m)) columns, which is key to achieving the target
complexity. Solving LinearSystem(G, H, [0,...,0]T) yields u € K¢*! solution of A-u = [0,...,0]T, from which
we recover g, the solution to our approximation problem; u is the vector of coefficients of all polynomials in g.
A central step in the ApproxMatrixMod case is the computation of the high-degree coefficients of polynomial
matriz divisions x* - F.j mod M fork=1,...,v;—1and j =1,...,m. We provide an efficient algorithm for
this task (see Theorem 36) that runs in less than O(max(n,m)“~! - D) operations, which is essential for the
reduction and, to our knowledge, does not appear in the literature.

Il. Solving structured linear systems deterministically

We eliminate the need for randomization and solve Problem 2 deterministically in O(a®*~! - max(n,m)) (see
Algorithm 5). Similarly to [24], which provides polynomial formulations for some linear systems such as Toeplitz
(displacement rank 2) and block-Toeplitz, we find a polynomial formulation for any quasi-Toeplitz system,
exploiting the known :-LU representation of quasi-Toeplitz matrices (that uses the generators). We manage to
efficiently solve the resulting equation, with an unknown polynomial, via two extended approximation problems:
computing an approximant basis [14] and performing a simultaneous extended Hermite-Padé approximation
[25]. Solving them yields the unknown polynomial, from which we recover the solution to Problem 2.

1.4 Arguments supporting its validity

We provide detailed proofs of correctness and complexity for all our algorithms. Our first contribution is
most importantly the reduction from ApproxMatrixMod to LinearSystem, achieving the same complexity as the
best-known polynomial-approach based algorithms (see [20], [22] respectively). This shows that the structured
approach can be as efficient as the polynomial one, even for a general modulus M, which provides more clarity
on the relation between both frameworks. The reduction holds for any nonsingular M. Note that, the degree
constraints on M can be lifted without loss of generality, as any instance with a nonsingular M can be reduced
to one satisfying these constraints (see Appendix B).

Our second contribution, where we present a deterministic algorithm for solving quasi-Toeplitz linear systems,
is a clear improvement as it eliminates the need for randomization and thus provides a robust solution over
any field K. We show that it runs in O(a~" - max(n, m)), matching the best-known randomized bounds.

1.5 Summary and future work

We present a summary of our results in Figure 1. We got a better understanding of the links between the
structured approach and the polynomial matrix computations one, and removed the need for randomization in
solving quasi-Toeplitz linear systems. Our results open the door to further research in this area.

—— Reducti =1)13. 1
ApproxMultMod eduction (n=1) [3, 1] 1
Polynomial approach [20] Linearsystem
Reduction [[7], our work] ——— Randomized algorithm [3, 1]
ApproxMatrixMod Deterministic algorithm [our work]

Polynomial approach [22]

—— Reduction [our work] i)

Figure 1 Summary of the results

In particular, our next step is to extend our last result to other structured linear systems, such as quasi-
Vandermonde systems and other variations of the displacement operators introduced in [1]. We also aim to
provide finer complexity bounds for our algorithms and thus avoid the O notation. Longer-term goals include
computing a basis of solutions, rather than a single solution, for our approximation problems, and studying
cases with multiple nested structures, such as block-Hankel matrices, or approximations involving iterated
powers or derivatives. For example, one can consider Problem 1 with F = [1,p, p?, ..., p™ ] for some p € K[z].
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2| Preliminaries

In this section, we introduce some notions and existing results that are the basis of our work. We classify them
into two categories: structured matrices related notations and polynomial matrices ones. We consider for the
rest of the report that n and m are positive integers. We start with some general notations.

We consider coeff(p, k) the coefficient of the polynomial p € K[z] with respect to the monomial z* and
coeff(p, i, k) as the coefficient of the polynomial, at the k-th column of the vector p € K[z]"*!, with respect to
the monomial z*.

For a given matrix M, we denote by M;, the i-th row of the matrix M and by M,; the j-th column of the
matrix M. Moreover, we define elem(p, ) as the element at row i of a vector p and elem(A, i, 7) as the element
at row ¢ and column j of a matrix A.

For a polynomial p € K[z]|, we denote by deg(p) the degree of the polynomial p such that deg(p) = —oo
if p = 0. Moreover, we define revy(p) as the polynomial p reversed with respect to the monomial 2%, i.e.,
revi(p) = Zfi%(p ) coeff(p, i)x*~*. We extend this definition to a vector by reversing each polynomial in it.
The notation P = ¢ mod M means that there exists () such that P = M - () + ¢, where P and M will be
defined in the context (see Remark 18). If ¢ = 0 then P is divisible by M. '

For a polynomial matrix P € K[z]"*™ such that P = [p”];illrfn, we have P(z71) = [pw(xfl)];ill?n

We use diag(A;,...,A,) to denote the block diagonal matrix with blocks Ay, ..., A, on the diagonal.

We denote by |L| the number of elements of a list L and by >-(L) the sum of elements of L.

As the notion of probabilistic algorithms is mentioned, we define it as follows.

» Definition 3. An algorithm is probabilistic of type P(k,d) if when choosing less than k elements in K, the

probability of success is at least 1 — ﬁ‘f'.

In regards to w, the exponent of matrix multiplication, i.e., the smallest real number such that two n x n
matrices can be multiplied in O(n“) operations in K, we have that the best known value is w < 2.371552 [29].
M(n) is the cost of multiplying two polynomials in K[z]<,. Note that O(M(n)) = O(n).

2.1 Structured matrices

Matrices with a specific structure play a crucial role in the design of efficient algorithms in computer algebra.
For instance, a structured matrix with size n x n will be represented by O(n) elements instead of n? elements
in the general case. This reduction in the number of elements yields significant improvements in the complexity
of algorithms that manipulate these matrices, such as solving a linear system. Some structured matrices are
well-known, such as Toeplitz matrices, that are defined by their first row and first column, and are invariant
along diagonals. However, the notion of structure is not limited to specific cases. In fact, any matrix that can
be represented by a small number of elements can be considered structured. As introduced in [16], we define
the notion of structure as the measure of to what extent a matrix can be represented by a small number of
elements. We call this measure the displacement rank.

» Definition 4. Let P € K™*" and Q € K"™*™ be two matrices. We define the displacement operator A[P, Q]
as follows:

Kn)(m 3 K’I’LXm

AP LA

» Definition 5. Let P € K™*" and Q € K™*™ be two matrices. We define the displacement rank of a matrix
A € K™ ™ with respect to the matrices P and Q as the rank of A[P, QJ(A).

» Definition 6. Let P € K"*" and Q € K™*™ be two matrices. We call two matrices Y € K™% gnd Z € K"™*%
P, Q-generators of length o for a matriz A € K"*™ if they satisfy the following property:

AP.QJA) =Y -ZT

The goal of this notion of structure is to use these generators as entries for problems such as linear systems
instead of the matrix A itself. Therefore, if the displacement rank « is smaller than the size of the matrix A,
the number of elements to manipulate is reduced. Note that if & € O(n, m), then A has no structure.
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» Definition 7. We define the cyclic down-shift matrix Z,, , € K"*", for a given ¢ € K, as follows:

0 0 ... 0 ¢

1 0 ... 00
L,y =

o --- 1 0 O

» Definition 8. Let A € K"*™. We define the quasi-Toeplitz structure as the structure that corresponds to
the operators Zy o and ZI%O.

We denote by ¢4 (A) the displacement operator associated with the quasi-Toeplitz structure, i.e. ¢4 (A) =
A—Zno-A- Z;,o’ which corresponds to A — (A shifted down and right by one unit).

We call two matrices Y € K™ and Z € K™*® ¢, -generators of length o for A, if . (A) =Y -ZT.

One can represent the classical structured matrices (Toeplitz, Hankel, Vandermonde, Sylvester, Cauchy, etc.)
using the right displacement operators. For instance, a Toeplitz matrix is a quasi-Toeplitz matrix with a
displacement rank of 2.

» Definition 9. Let M € K[z| be a polynomial of degree at most n. We define X(M) the matrix of multiplication
by « in K[z]/(M), commonly called companion matriz in the literature (see [15, 24]), as follows:

0 -~ 0 —mg
1 - 0 —my
X(M) =
0 - 1 —my_q

where m; = coeff(M,i) fori=0,...,n— 1.

» Definition 10. Let v € K™ ! a vector of elements vy, ...,v, € K. We define the lower Toeplitz matrix
L(v) € K™ as follows:

U1 0 . 0

() V1 0
L(v) =

Un Up—1 -+ VU1

Likewise, we define the upper Toeplitz matrix U(v) € K™ as U(v) = L(v)T.
For the rest of this subsection, we consider « a positive integer such that a < n.
» Definition 11. Let P € K", Q € K™*™ and v € K™, Given Y € K™% and Z € K™*®; P, Q-generators
of length o for a matriz A € K"*™ we define the problem LinearSystem[P, Q, a|(Y,Z,v) as follows:
LinearSystem[P, Q, o]

Input: Y ¢ K™ Z c K™ v e KM¥!,

Output: nonzero u € K™* such that A -u = v if it exists, otherwise return ().

For ease of notation, when v is the zero vector, we denote this problem as LinearSystem[P, Q, a](Y,Z). Note
that, the solution u has to be nonzero, otherwise the problem in this case becomes trivial.

Furthermore, we only specify the parameters P, Q and o when clarity is needed, otherwise we denote the
problem as LinearSystem(Y,Z,v). The parameters P, Q and « can be retrieved from the inputs.

Kailath, Kung and Morf managed to solve quasi-Toeplitz systems in O(a - n?) (see [16]). A more rapid
version was given by Morf in [19] achieving a complexity of O(a? - M(n) - log(n)), under some hypotheses that
Kaltofen managed to remove in [17]. The complexity improved significantly in [3], where authors managed to
introduce rapid matrix multiplication and show that the problem LinearSystem[Z,, o, Z;O, a) for any Zy, o, Z;O—
generators and any v € K™ can be solved in O(a®*~! - M(n) - log®(n)), by a probabilistic algorithm of type
P(3n — 2,n% + n). Later in [1], they generalized this result to the case of non-square systems and improved
the complexity by a logarithmic factor, as follows.
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» Theorem 12 (Theorem 1.1 [1]). The problem LinearSystem|Z, o, Zy, o, ] for any Zn o, Ly, o-generators and

any v € K™ can be solved in O(a¥~! - M(max(n,m)) - log(%)), by a probabilistic algorithm of type
P(m +n — 2, max(m, n)? + max(m,n)).

A significant result of the previous theorem is the approximation problem defined in Problem 1 with n = 1.

» Corollary 13 (Corollary 1 [3]). Let M € K[z] be a polynomial of degree d, let fi,...,[fm € Klz] be
polynomials of degrees strictly less than d, and let vy, ... vy € N be such that 31"y v; = d+ 1. One can find
g1, -, 9m € Klz], not all zero, of respective degrees strictly less than vy, ..., Vp, such that

glfl + "'+gmfm =0 mod M,
in time O(m*~" - M(d) -log*(d)). The algorithm is probabilistic of type P(3d — 2,d* + d).

2.2 Polynomial matrices

Polynomial matrices are matrices whose entries are polynomials. Their theory was first introduced by
Gantmacher in [9] and [18]. It has been, since, applied in the context of linear systems and approximation
problems. In this section, we introduce some basic definitions and properties related to polynomial matrices,
which will be useful in our study. We start with row reduced matrices (or their column reduced counterparts).
The notion was introduced by Wolovich in [30] but the term was suggested by Heymann in [12].

» Definition 14. Let M = [M;;]; j=1,..n € K[z]"*™ be a polynomial matriz.

Given s = [s1,...,Sm] a list of non-negative integers, we define rdeg,(M) as the list [dy,...,d,] where
d; = maszlmm(deg(Mij) + Sj) fori=1,...,n.
Given s = [s1,...,8,] a list of non-negative integers, we define cdeg (M) as the list [dy,...,dy] where

dj = max;=1,_,(deg(M;;) +s;) for j=1,...,m.
We define deg(M) as the maximum degree of the entries of the polynomial matriz M, i.e., deg(M) =
max =" deg(M;;).

Jj=1,...,m

For ease of notation, if s = [0,...,0], we write rdeg(M) for rdegy(M) and cdeg(M) for cdeg,(M).

» Definition 15. Let M = [M;;]; j=1,..» € K[z]™" be a polynomial matriz, s = [s1,...,sy]| be a list of
non-negative integers and rdeg (M) = [dy,...,d,]. We define the row leading coefficients matrix of M with
respect to s as the matriz [coeff(M;;, d; — s;)]ij=1,..n € K"*". We denote this matriz by rims(M).

)

» Definition 16. Let s = [s1,...,s,] be a list of non-negative integers. A nonsingular matric M =
(Mijlij=1,..n € Klz]™", such that rdeg (M) = [di,...,d,] is called s-row reduced if the matriz rlm, is
invertible. We say that M is row reduced if s = [0, ...,0].
z z+1 r 2?
For instance, the matrix M = [ 4; is row reduced, while the matrix M = [ 3] is not row reduced.
r T T

The following theorem is the counterpart of Theorem 6.3.15 in [15], where the division is done on the right and
the matrix we divide by is column reduced.

» Theorem 17. For any row reduced M = [M;;]; j=1..n € K[z]"*", and any F = [fw];zll:’;; € K[z]"*™ there
exist unique matrices Q = [qi;]'=y ", € K[z]™™ and R = [rzj];ill """ o€ K[z ™ such that rdeg(R) < rdeg(M)

j=1,..,m ST and K= {Tij|—1
and
F=M-Q+R,

where R is the left remainder matriz and Q is the left quotient matriz.

We consider the left euclidean division of a polynomial matriz F by a polynomial matriz M to be the default
division. Thus, we denote by F quo M the matriz quotient Q and by F rem M the matriz remainder R for the
left euclidean division of the polynomial matriz F by the polynomial matriz M.

Similarly, we denote by F rrem M and F rquo M the right remainder matrix R and the right quotient matrix
Q respectively, for the right division of the polynomial matrix F by the polynomial matrix M. We refer to
Appendix A for the formal definition of a column reduced matrix and the right euclidean division theorem.
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» Remark 18. We use the notation R mod M to denote the class of equivalence, i.e. all F such that F = M-Q+R
for some Q. We use, however, rem to denote the remainder of a division.

» Lemma 19. Let M = [ ”] ij=1,..n € Kz]™" a row reduced polynomial matriz such that rdeg(M) =

[dy, ... dp). Let F = [fi[1=100" € Klz]**™, such that rdeg(F) < [di + k,...,d, + k] where k is a positive
integer. Let Q = [q”]; 11 e K[ "™ be F quo M. Then, we have deg(Q) < k.

Proof. We start this proof by proving the following property: rimg(M) = cIm_ qegm)(M).
We have on one side, Vi, j € {1,...,n}:

elem(rimg(M), i, j) = elem(clmo(MT)T 4, 5) = elem(clmg(MT), j,4)
= coeff (M;;, elem(cdeg(MT), j)) = coeff(M;;, maxy=1,..., (deg(Mij) +0))
= coeff(M;;, maxy=1,. n(deg(M;i))) = coeff(M;;, elem(rdeg(M), 7))

On the other side, we have Vi, 5 € {1,...,n}:

elem(cim_geg(m) (M), i, 7) = coeff(M;;, elem(cdeg_gegm) (M), i) + elem(rdeg(M), j)) (by Definition 15)
= coeff(M;;, maxy=1, . n(deg(My;) — elem(rdeg(M), k)) + elem(rdeg(M), 7))
= coeff(M;;, maxy=1, . n(deg(My;) — maxo=1 ., (deg(Mpy) + 0)) + elem(rdeg(M), 7))
= coeff(M;;, elem(rdeg(M), j)) (since deg(My;) < max=1,. ,(deg(My,)) for all i, k)

7)
Thus, we conclude that clmg(M) = rlm_cgeg(my(M).
Now, we show that cdeg_ eg(m) (M) = [0, ..., 0]. Since we shift the degrees of each row of M by its leading
coefficient degree, we have that all degrees after the shifts are either 0 or negative. We consider that an entry
with negative degree is equivalent to a zero entry and thus has a degree of —oo. Therefore, the only possible
values for the degrees of the entries of cdeg_ eg(v)(M) are 0 or —oo. Moreover, if we have —oo in the degree
of an entry, then all degrees of that column in the shifted matrix are —oo, which means that the column is
entirely zero. If we assume this, then clmrdeg(M)(l\/I) is a matrix with a column of zeros, which implies that the
matrix is not invertible. This is a contradiction since we know that rimg(M) = cIm_ geg(my(M) by the above
and rlmg(M) is invertible by Definition 15. Thus, we conclude that cdeg_ geg(m)(M) = [0, ..., 0].
Let R =F rem M. By Theorem 17, we have F = M- Q + R and rdeg(R) < [d1,...,d,]. Since F—R=M-Q, we
have rdeg(F — R) = rdeg(M - Q). We use the fact that rdeg(F) < [d1 + k, ..., d, + k] and rdeg(R) < [d1, ..., d,]
to deduce rdeg(F —R) < [d1 +k,...,d, + k]| and thus rdeg(M-Q) < [d1 + k, ..., d,, + k]. By the same argument
as above, we have cdeg_ 4egmy(M - Q) < [k, ..., K].
Since M is —rdeg(M)-column reduced (as it is row reduced) and cdeg_,gegomy(M) = [0, ..., 0], we can apply the
predictable degree property (see Theorem 6.3.13 in [15]) on each column @Q,; of Q for j =1,...,m to get:

Cdngrdeg(M)(M ) Q*]) = maxi:ly---7n(deg(Q1j) + Cdegfrdeg(M)(M*j))
deg(Qij) + 0) = cdeg(Qx;)-

Thus, we have cdeg(Q,;) < k for j = 1,...,n, which means that cdeg(Q) < [k, ..., k|. Finally, we conclude
with deg(Q) = max(cdeg(Q)) < k. <

= max;=1,. n(de

Let I,, be the identity matrix of size n.

» Definition 20. A square polynomial matriz U € K[z|"*™ is called unimodular if it is invertible over K[z],
i.e., there exists a polynomial matriz V € K[x]™*"™ such that U -V =1,,. Equivalently, the determinant of U is
a nonzero element of K.

» Definition 21. Let s = [s1,...,sy] be a list of non-negative integers. A polynomial matriz M € K[z|"*™ is

in s-Popov form if clmg(M) = 1,, and rims(M) is a unit lower triangular matriz (lower triangular matriz with
all diagonal entries equal to 1). We say that M is in Popov form if s = [0,...,0].

We introduce polynomial matrices with a specific structure, which will be useful in the design of our algorithms.
We call these matrices modulus polynomial matrices.
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» Definition 22. Let M = [M;;]; j=1,..n € K[z]"*" be a polynomial matriz, such that rdeg(M) = [dy, ..., dy].
We call M a modulus polynomial matrix if fori,j =1,...,n, we have:

M;; is a monic polynomial of degree d;,

M;; is a polynomial of degree strictly less than d; for all j # i.

» Lemma 23. Given a modulus polynomial matriz M, M is a row reduced polynomial matriz.

Proof. rimg(M) = I,,, as the diagonal entries are monic polynomials of degree d; and the off-diagonal entries at
row i are polynomials of degree strictly less than d;. Thus, rlmg(M) is nonsingular and by Definition 16, M is
row reduced. <

3 Multiple modular approximations

In this section, we solve efficiently multiple simultaneous approximation problems, i.e. where different moduli
intervene. We use structured linear algebra techniques to achieve the same bound, that polynomial computations
managed to get (see [20]). Note that a reduction to a structured linear system was done [7] in the same
complexity bound. Here, we provide an alternative reduction to a quasi-Toeplitz system. We consider the
approximation problem defined in Definition 24.

» Definition 24. Given
M = My, ..., M, of degrees dy,...,d, respectively, such that M; € K[z] fori=1,....,n and dy,...,d,
positive integers.
F=[fi]i=0 7 € K[a]™™, such that rdeg(F) < [di, ..., dy).

v=A{1v1,...,Um} be a set of positive integers.

We define the set of solutions
S:{gGK[m]mX1|F-g:Omod9ﬁ}, (1)

where F-g =0 mod 9 means that Fix-g = 0 mod M; (i.e., 3q € K[z| such that Fi.-g = q-M;) fori=1,... n.
We define the problem ApproxMultMod (9, F, v), as follows:

ApproxMultMod

Input: MeKz]", FeKz]™™, v=_{v,...,un}.

Output: g€ S such that g is not the zero vector and deg(g;) < vj for j=1,...,m.

We denote by C' = Z;”:l vj the total number of unknown coefficients of the unknown polynomial vector g and
by D =31, d; the total degree of the moduli polynomials M; fori=1,... n.

3.1 Intermediate results: modular polynomial multiplication

The results presented in this section were used in structured linear systems related works, such as [3] and [1].
We present them here for completeness and to provide detailed proofs.

» Lemma 25. Let M € K[z| of degree d > 0, and P € K|z] of degree less than d. Let v > 0. One can compute
the coefficients of x¥ P rem M in O(M(d)) if v < d and more generally in O(M(d) - log(v)) even if v > d.

Proof. We distinguish two cases:

If v < d, we can compute ¥ P and then reduce it modulo M using the fast polynomial division algorithm
[27]. The cost is O(M(d)).

If v > d, we use the fact that VP rem M = ((«¥ rem M)-(P rem M)) rem M. We can compute z” rem M
in O(M(d)-log(v)) using a fast modular polynomial exponentiation algorithm. The fastest known algorithm
for this is presented in [4], and has a cost of 2(M(d) - log(v)). Since P is of degree less than d, we have
P rem M = P. Moreover, ¥ rem M is also a polynomial of degree less than d, thus we can compute the
product (z¥ rem M) - P in O(M(d)) and get a polynomial of degree less than 2d. Finally, we reduce the
result modulo M using the fast polynomial division algorithm [27] in O(M(d)). Therefore, the total cost is
bounded by O(M(d) - log(v)). <
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Algorithm 1 Coefficient d — 1 of each of the polynomials 2*P rem M for k =0,...,v

Input: M =mo+miz+ - +mgz?, P=py+prx+-+pg_12® " v

Output: [coeff(P rem M,d — 1), coeff(xP rem M,d —1),...,coeff(z*~1 P rem M,d — 1)]
g = revg(M) rem x¥;
h =revg_1(P) rem zV;
f=g ' hrem 2"
fori=0tov—1do
L a; = coeff(f,q);

return [ag, ..., a,-1];

» Lemma 26. Let M € K[z| of degree d > 0, and P € K|xz] of degree less than d. Let v > 0. One can compute
coeff(x*P rem M,d — 1), fork=0,...,v—1 in O(M(v)) operations in K using Algorithm 1.

Proof. We denote by a' = [ag,...,a,_1] € K the vector where a; = coeff(z*P rem M,d — 1) for k =
0,...,v — 1. The goal is to compute the vector a.
Correctness

For M, P and k, There exist unique Qy, Ry, such that 2% P = M -Qy + Ry, where deg(Ry) < d and deg(Qy) < k
(see Theorem 17 and Lemma 19). We replace z by 2! and multiply the identity by 24t*=1 to get:

pdt=1) (xfk . P(xil)) — pd+ (k=1 M(l’fl) . Qk(xfl) + 2 k=1) Rk(.ﬁU*l)

e P =2 MY 2R Qreh) + 2R D L R (27

& revg 1 (P) = revg(M) - revy_1(Qp) + 2% - revy_1(Ry)
We reduce the last equation modulo z* to get revy 1 (P) rem z* = revy(M) - revy_1(Qy) rem z*. Thus, we get
that revy_1(Q) = revg(M)~! - revg_1(P) rem x*, which is what we compute in Algorithm 1 for k = v.
We show in what follows that rev,(Q,) = Z;(l) ap - 2FT1. We can write Ry, = ay, - 2% ! + S, where S}, is a
polynomial of degree strictly less than d — 1. Moreover, we can write M = z% — M’ where M’ is a polynomial
of degree d — 1. We multiply the identity z* - P = M - Qi + Ry by = and we get:

o P=2- M- -Qu+a-Ry=z-M-Qp+a, 29 +z-S

:x-M-Qk+ak-(M+M')+x-Sk:(x-Qk—l—ak)'M—i—ak-M'—l—x-Sk

Moreover, we have z**1 - P = M - Q41 + Rpy1, and by the uniqueness of the quotient and remainder
(Theorem 17), we have Qry1 = =+ Qr + ar and Ry = ay - M' + 2 - S,. We replace x by 27! in the first
equation, then multiply it by z**! to get:

ij+1 . QkJrl(fE_l) _ l”k_H . (2,’_1 . Qk(x_l) + ak)

& revpr (Qre1) = revi(Qr) + gttt

We can deduce that Qg = 0 since ()y has degree less than 0. Thus, we unroll the recurrence relation to get:

revo(Qo) = 0,

I’eV1<Q1) = reVO(QO) + zt- ag =aqg T

ag

rev,(Q,) =revy, 1(Qu_1) + 2" -ap_1 =ap-x+ay-2*+- +ay_ - 2"

We conclude that rev, (Q,) = S4Z§ ax - 25+

Complexity

1 1

We need to compute the coefficients of f = ¢~ - h rem z”. The computation of g~ rem z” can be done using
the Newton’s polynomial inversion method [10] in O(M(v)). The product g=*-h can be computed in O(M(v))
as well. Finally, we reduce the result modulo z¥ and get the coefficients of f and thus a in O(M(v)). <
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3.2 Main result: multiple modular approximations

i=1,...,n

» Theorem 27. Let O = My, ..., M, monic polynomials of degrees dy, . ..,d, respectively, F = [fij]jzl,...,m
K[z]"*™, such that rdeg(F) < [d1,...,dn] and v = {11,...,vm} a set of positive integers. We define C' =
it and D =371 d;.

The problem ApproxMultMod (90, F,v) can be solved in O(max(m,n)“~' - max(D,C)) operations in K by

Algorithm 2.

Proof. The idea is to reduce the given problem to the problem of solving a quasi-Toeplitz linear system. We
can use known algorithms [3, 1] to solve such a linear system in the desired complexity (see Theorem 12).
Note that such algorithms are randomized. To adress this limitation, we present a deterministic alternative in
Section 5 that maintains the same complexity (see Algorithm 5). Formally, we reduce ApproxMultMod (90, F, v)
to a problem of type LinearSystem|Zp o, Z{;, O(max(m,n))] as presented in Algorithm 2.

Algorithm 2 Simultaneous modular approximations

Input: M € K[z|", F € K[z]"™™, v ={v1,...,un}
Output: ApproxMultMod(90, F, )
Ac KDXC;
for i =1tondo
for j =1 tomdo
L fij € K% is the vector of coefficients of the polynomial fijs

A = [fy X(OMfy - X(M)" ')

Compute G,H € K**Omax(m:n)) such that ¢, (A) = G- HT as in the proof of Lemma 28;
return LinearSystem[Zp ), Zao, O(max(m,n))](G, H);

KDXC

Thus, we construct Zp g, Zao—generators of length in O(max(m,n)) for a given matrix A € , where A

T
has a quasi-Toeplitz structure and is such that solving the linear system A -u = [0 e 0} , where u € KE*1,

is equivalent to solving the problem ApproxMultMod(90t,F,v).
For this, we have defined the matrix A as the matrix A = [AZ]];ill '''''''''' "€ KP*C such that A;; € K4, for
t=1,...,nand j =1,...,m, corresponds to the Krylov matrix

Ay =[fy XMy - X4 2)

where f;; is the vector of coefficients of the polynomial f;;.
The matrix A is quasi-Toeplitz with a displacement rank in O(max(m,n)), and to show this, we compute two
matrices G and H such that G has O(max(m,n)) columns and ¢, (A) = G- HT, as done in Lemma 28.

» Lemma 28. Let A be the matriz defined in (2). We construct ¢-generators of length O(max(m,n)) for A
in O(max(m,n)“~t - M(max(D,C))) operations in K.

Proof. We know by Definition 8 that, if A is a quasi-Toeplitz matrix, then ¢ (A) = A —Zpo-A- Zz‘,o-
We define X € KP*P as the matrix diag(X (M), ..., X(M,)), i.e.,

X(My) 0 - 0
x| 0w
00 - X(My)

We define § € KP*P as the matrix [6ab]a,b:1,.‘.,D where 0 = 1ifa = Yt dp +1and b = 3i_, dy for
t=1,...,n, and 4 = 0 otherwise, for a,b=1,...,D.

Let X/ € KP*P be the matrix X 4+ 6. We represent this matrix in Figure 2 for a better understanding of its
structure.
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0 --- 0 —mos
% O 7”'“.,1 0 0
0 - 1 —mg-11
0 --- 0 1 0 -+ 0 —mpa
At I I B 0
X(My) 0---00 --- 0 : i
0---01 X(My) --- 0 0 -~ 00 O b —map
X' =|0---00 0---01 --- 0 - 0 --- 0
: : : 0 00
0---00 0---00 --- X(M,) 0 : 0
0 00
0 0 1 0 - 0 —Mo,n
0 0 Q (.) Q 1 - (.) fn-llm
0 --- 0 0 0 --- 1 —Md,,—1,n

Figure 2 Matrix X' = X + 4.

We notice that Zpo = X' + M- E, where M € KP*" and E € K™ are block diagonal matrices such that
M = diag(m1, ..., m,) with m; € K%*!: the vector of coefficients of the polynomial M;, and E = diag(es, ..., e,)
with e; € K% the vector [0,...,0,1] fori=1,...,n.

We get Zpo =X+ 6+ M- E and can now rewrite ¢, (A) as follows:

o (A)=A—X-A-ZLy—0-A-Zl s —M-E-A-Z5,. (3)
In order to construct the generators, we proceed as follows:

ForA—X~A-Zg’O:
Let B=A—X-A-Z[L, € KP*C such that B = [B;]'Z)"", where B;; € K%**, for i = 1,...,n and

=1,....m
j=1,...,m, corresponds the matrix !
. fij 0 - 0] ifj=1
T - X gy 0 0] >

We can write B=Y - ZT, with Y and Z defined below.
Let Y € K[z]P*™ as Y = [YU];zll?n with Y;; € K%*! such that
V.. — fi fori=1,....,nand j=1
T — X(M;)ri-t iy fori=1,...,nand j=2,...,m

We define Z € K[z]“*™ as Z = (Z5]21, . With Z; € KE*! for j = 1,...,m such that Z; is the vector of
all zeros except for the first position, which is 1, and Z;, for j = 2,...,m, is the vector of all zeros except
for the first position and the Zf;ll v + 1-th position, which are 1.

The computation of X(M;)"=* - f;;_1y; the coefficient vector of the polynomial 2*9-* - f;;_) rem M;, can
be done using Lemma 25 in O(M(d;) - log(vj_1)) operations in K. Thus, the total cost of computing Y is:
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For M-E-A-ZE’O:
Let P € K€*" such that P = AT-ET and Q € K¢*" such that Q = Zc,o-P. We can write M-E-A-Zg’o =M-QT.

In order to compute Q, we need to compute P first. We have P = [sz]zzllfn where P;; € K and

PT = [coeff(fij, di = 1),...,coeff(fi; - 2" rem M, d; — 1)

fori=1,....,nand j=1,...,m.
We use Lemma 26 to compute P;; in O(M(v;)) operations in K. Thus, the total cost of computing P is:
O(Xim1 2 M(v5)) = O M(C)) = O(n - M(C)).

For 0 -A- Z-Ic—*,oi
We can write 5-A-Zao = R-ST where R € KP*" and S € KE*" are the matrices such that R = [Ry;]=0"""

and S = [Sﬂ};ji """ "1 where R;; € K%*! and S;; € K%*! correspond to the vectors:

1
" =1 0 i — 9
Rij: o| for ?_ Rij: | for ?_ peeea
0 i=0,...,(n—1) : i=0,...,(n—1)
0
_ . i
—0 . 1 eIem(fij,di — 1) ' )
i=0,...,(n—1) ) =0
L0 :
elem(fy; - X(M;)"~2,d; — 1)

elem(f;_1y; - X(M_1))" !, dg—1y — 1)
elem(fij,di — 1)

Sji = elem(f;; - X(M;),d; — 1) for j=2,...,m
. i=1,....,(n—1)

eIem(fi‘ . X(Ml) j_z, d; — 1)

The computation of one S;; is again done using Lemma 26 and thus can be done in O(M(v;)). Therefore,
the total cost of computing S is bounded by:

O(Xiz1 Xji M(vy)) = Oz, M(C)) = O(n - M(C)).
Therefore, we get
¢ (A)=Y-ZT —R-ST—-M-QT (4)

We define G = [Y R —M} € KPX(m+2n) and H = [z S Q] € KOXm+20) quch that ¢, (A) = G - HT.

Therefore, we were able to compute G and H in O(m - M(D) +n - M(C)) operations in K. We, thus, obtain
¢-generators of length O(max(m,n)) for the matrix A in O(max(m,n)*~! - M(max(D, C))). <

After computing the ¢ -generator of length O(max(m,n)) for the matrix A, we have formally reduced the
problem ApproxMultMod (901, F, ) to the problem of solving a linear system of equations with a quasi-Toeplitz
matrix A, i.e., LinearSystem[Zp g, Zam max(m,n)](G, H), where G and H are the matrices defined in the proof
of Lemma 28, which can be solved in O(max(m,n)*~! - max(D, C)) operations in K (see Theorem 12).

Finally, we recover the solution g of the problem ApproxMultMod(91, F, v) from the solution u of the linear

T
system A -u = [O e 0} by taking the coefficients of the polynomials g; from the vector u. More formally,

we have g; = sz:_()l z* - elem(u, k + Zg;i vp—1),forj=1,....,m. .
We conclude that the problem ApproxMultMod(90, F, v) can be solved in O(max(m,n)*~! - max(D,C)). =
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4  Matrix modular approximation

After efficiently solving simultaneous modular polynomial approximations, we tackle a more general problem,
which is the matrix modular approximation problem, where we work modulo a matrix M. We can suppose
without loss of generality here that M is a modulus polynomial matrix. The key idea is that we can always
reduce the problem given a modulo that is simply a nonsingular matrix M to a problem with a modulus
polynomial matrix. We formalize this notion of no loss of generality in Lemma 52, which can be found in
Appendix B, along with its proof.

» Definition 29. Given
M = [Mijlij=1,..n € K[z]"", where M is a modulus polynomial matriz and rdeg(M) = [d1, ..., dy].
F=[fi;]l'’2 " € Klz]™™, such that rdeg(F) < [dy, ..., d,),

7j=1,....m
v=Avy,...,Um} a set of positive integers.
We define the set of solutions
S ={gcKa]™" |F-g=0mod M}, (5)

where F-g =0 mod M means that F-g = M- q for some q € K[z]"*!; or in other words, the vector F - g lies in
the K[z]-module generated by the columns of M.
We define the problem ApproxMatrixMod(M, F,v), as follows:

ApproxMatrixMod
Input: M e K[z|"", F € K[z]"™, v ={v1,...,Un}.
Output: g e S such that g is not the zero vector and deg(g;) < vj for j =1,...,m.

We denote by C = >77, v; the total number of unknown coefficients of the unknown polynomial vector g and
by D =31 d; the sum of diagonal degrees of the modulus polynomial matriz M.

We note that this version is the most general version of our approximation problems; it includes the polynomial
case as a particular instance where n = 1 and the simultaneous multiple polynomial approximations case where
we consider a diagonal matrix M, with the diagonal entries being the polynomials of the family of moduli.

We introduce in what follows the matrix X(M), which is an attempt to generalize the notion of the multiplication
matrix for a single polynomial, defined in Definition 9. This matrix can be found in Section 9 of [26]. Here, we
manage to use it to define a matrix that will help us reduce the problem of matrix modular approximation to
a linear system of equations with a quasi-Toeplitz structure.

» Definition 30. Given a modulus polynomial matric M = [M;;]; j=1,..n € K[z]"*", where M is a modulus
polynomial matriz and rdeg(M) = [di,...,d,). Let D = Y1, d;. We define the matriz X(M) € KP*P qs
follows

X(M11) Ci2 e Cin
Co X(Ma) -+ Cyy
X(M) = | S (©)
where X(M;;) is the multiplication matriz of My (defined in Definition 9) and C;; € K%*% s the matriz where
the d;-th column is the vector of coefficients of M;; and zero elsewhere, fori,j=1,...,n, i.e.,
0 -~ 0 —coeff(M;;,0)
0 --- 0 —coeff(M;;, 1)
Ci=1. . . ,
0O --- 0 —coeff(Ml-j, dz — 1)
Let F = [fz]];zll?n € K[z]™™ such that rdeg(F) < [di,...,d,] and k a non-negative integer. X(M)* - F,
where F = [fw]zillrfn € K[z]P*™ such that f;; € K%L is the vector of coefficients of the polynomial fi;(x) for
i=1,...,nand j=1,...,m, is the matriz whose block vectors are the vectors of coefficients of polynomials

in diag(z*, ..., 2%) - F rem M.
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4.1 Intermediate results: matrix modular computations

» Lemma 31. Let M = [Mj]; j=1,..n € K[z]"*", where M is a modulus polynomial matriz with rdeg(M) =
[dy,...,d,]. Let F = [fzj];zﬁ’7’7% € K[z]"*™, such that rdeg(F) < [dy,...,d,] and v = {v1,...,vm} a set of
positive integers. We define C' = 377" vj and D = 371" | d;. We suppose that C € O(D). We can deduce that
n,m € O(D) as well. One can compute the coefficients of the polynomial x*7 - F,; rem M, for j =1,...,m, in
O(n®='- D +m-n“"2. D) operations in K.

Proof. We define the matrix P € K[z]™*"™ as diag(z**, z*2,...,x"™).
Since F- P = [a:”l “Fy1 22 Fye -0 V- F*m}, we can compute the coefficients of the polynomial z*7 -
F.j rem M for j = 1,...,m by computing F - P rem M. Since we have C,m,n € O(D) and M is a modulus
polynomial matrix and thus a row reduced matrix (see Lemma 23), we can apply Algorithm 3 from [22] to
compute the coefficients of the polynomial F - P rem M. With the entries F € K[z]"*™ and P € K[z|™*™, and
the modulus polynomial matrix M € K[z]"*", the algorithm can compute the coefficients of the polynomial
F-P rem M in O(max(m,n)“~" - D) operations in K (see Proposition 3.6 in [22]). We distinguish two cases:
If n > m, we achieve a complexity of O(n“~! - D) by simply applying the algorithm as is.
If n < m, we can exploit the diagonal structure of P to achieve a better complexity. We suppose without
loss of generality that n divides m. We split the matrices F, P and M into blocks of size n x n, such that F =

{Fl Fo --- Fm}, where F; € K[z]"" fori = 1,..., % and P = diag(P1,P2,...,P=), where P; € K[z]"*"
forv=1,..., 7. Thus, we have F-P rem M = {Fl-Pl remM Fy-PoremM - Fm-Pm rem M] The
total cost is the sum of the costs of computing each block product F; - P; rem M for 7 = 1,..., 2, which is

O(m.p=1. D)= 0O(m-n*"2.D).

n

Thus, we are able to get an overall slightly better complexity than O(max(m,n)“~! - D), which is O(n“~! -

D+m-n“"2. D). <
» Definition 32. Let G € K[z]"*", where G is a row reduced nonsingular matriz and rdeg(G) = [d1, ..., dy].
Let P € K[z]™™ and v = {v1,...,vm} a set of positive integers.

We define the problem TruncatedInverseProduct(G, P, v) as follows:
TruncatedlnverseProduct
Input: G e K[z, P e K[z|"™, v={r,...,un}.
Output: G !-P rrem X where XV = diag(z", 22, ..., 2"™).

A variation of this problem is solved in [22], where the maximum degree is at most twice the average degree in
v. In other words, the degrees in v have to be balanced, to avoid the case where one degree is much larger
than the others. Authors manage to solve the problem in (N)(nW*1 - C) operations in K, where C' is the total
number of coefficients in v. In the following lemma, we show that we can lift this restriction and solve the
problem for any set of degrees v/, while keeping the same complexity, up to a logarithmic factor in the number
of coefficients in . We note that the problem is naively solved in O(n® - C) using Newton iteration (see [10]).

» Lemma 33. Let G € K[z]™*", where G is row reduced, P € K[z]"*™, v = {11,...,vm} a set of positive
integers and C' = }77", v;. We suppose that n € O(m).

The problem TruncatedlnverseProduct(G, P, v) can be solved in O(n®~" - C) operations in K, using Algorithm 3.

The idea is that Algorithm 3 selects at each step columns that are reduced by a power of x, such that their
degrees are small enough to be able to compute the truncated inverse product efficiently.

Proof. For a given step £ of the algorithm, we have:
Le={je{l,...m}|vy; <20 - E}and Iy ={je{l,....m}|v; >2¢ &
Se={jeS|2t L <y, <2t CYift>1and S;={j€S5|v; <2
P’ € K[z]"*I5 which is the matrix P with only the columns j € Sj.

V' = (Vj)jes,

3|Qs3
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Algorithm 3 Truncated Inverse Product
Input: G € K[z]™*" such that G is row reduced, P € K[z]"*"™ and v = {v1,...,Um}.
Output: G™'- P rem X¥, where X = diag(z", 22, ..., 2"™).
Initialization: P' =P,/ =v, S={1,.. m} (=1,C=3",v; ReKz]"™ with R = [Ryj]j=1,...m-

={jesSlm<2-5}5// 5
for ¢ =1 to [log,(C/m)] do
P e K[x}”x‘sé‘, where P" = [P,]jes,;
V' = (v))jesis
XV € K[z]I%x1% where X¥' = diag(2")es,;
Computing B = G~ - P’ rem X';
1 =1;
for j € Sy, do
R*j = B.i;
L 1 =14 1;
| Sea={jes|2- &<y <2 EY
return R;

Number of steps

Suppose by contradiction that we need more than [logy(m)] steps of the algorithm, i.e., £ > [logy(m)]. Then,
we have v; > 2°- % > 2flogz(m)] . % > C, which is a contradiction since v; is a positive integer and C'= 77", v;.
Thus, we have that S, = {j € S [ 2671 £ < 1; <2°. £} = ) and therefore Algorithm 3 terminates after at
most [log,(m)] steps.

Complexity of one step

The main argument is that, at each step, we treat more than 7 columns, i.e., |L¢| > g¢- To prove this, we can
proceed by contradiction. Suppose that |Lg| < 7 or equivalently [I'g| > 7.

We have L, UT'y = {1,...,m} and |L¢| + |I'¢| = m. Thus, we have |I'y/| = m — |Lg| > m — 7 = m((Qz2 1))
Since the minimum degree of the polynomials in P,; such that j € I'; is greater than 2¢- £ we have that
26— 1 C
PIRZE=D DA 7>|rg| 2t . —>m(( )) 2. — = (28 —1). (7)
2t m
Jely jely

Moreover, we have that C' =37, vj + > cr, Vi = Xjer, ¥j- We use the inequality in (7) to get:

C>> vy>C-(2'-1),

Jely

which gives us 1 > (2¢ — 1), since C # 0. This implies that ¢ < 1. Therefore, we have a contradiction since ¢ is
a positive integer. Thus, we have that |Ls| > 5 and equivalently|l's| < 5 for all £ > 1.

m

Note that |S¢| < Z and X”' = diag(z" 7)J€Sz € K[ ]2 3% | since we have |T| < gz. This allows us to compute

the truncated product G=1- P’ rem X¥ in O(n¥~! - C) using Lemma 3.3 in [22]. The lemma can be applied
since the matrix G is invertible and v; < 2t . % for j € Ly. Thus, we get a complexity of :

o2 C - om c.. - C
2Z . w . —_— w . — pr— . (/.)_1 . —_— 1
O [ = O [11) = Ot [0 since n € O(m)
. . =0 '.0) since m € O(C)
Final complexity
Since we have ¢ < log,(m), we can compute G~ - P rem X” in O(logy(m) - n~' - C') operations in K. <

» Notation 34. We consider in what follows that ¥, where k is a positive integer, is the matrix in

diag(z*, 2%, ... 2*) € K[z]"*", when multiplied by a polynomial matrix F € K[z]"*™.
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» Definition 35. Let M = [M;jlij=1,..n € K[z]™™, where M is a modulus polynomial matriz and rdeg(M) =
[di,...,dy]. Let F = [fw};:l% € K[z]™*™, such that rdeg(F) < [d1,...,d,]. Let v ={v1,...,vn} be a set of
positive integers.

We define the problem LastCoeffModMat(M, F,v) as follows:
LastCoeffModMat

Input: M e K[z|"", F e K[z]"™, v ={v1,...,Un}.
Output: coeff(elem(z*i-F rem M, i, j),d;—1) fork; =0,...,v;—1,i=1,...,nandj=1,...,m.

The following theorem is the main ingredient for solving the matrix modular approximation problem in the
most optimal complexity, currently achieved using polynomial computations in [22]. We show that computing
the coefficients described in Definition 29 is equivalent to computing the quotient of an euclidean division in
the proof of the following theorem.

» Theorem 36. Let M = [M;;]i j=1,..n € K[z]"*", where M is a modulus polynomial matriz and rdeg(M) =
[dy,...,dy]. Let F = [f”];zll’,ﬁn € K[z]"*™, such that rdeg(F) < [d1,...,dy]. Let v ={v1,...,vm} be a list of
positive integers.

The problem LastCoeffModMat(M, F, v) can be solved in O(n“~*-D+m-n*=2-D4+n*"1.C), where D = Y7, d;
and C' = 377", v;.

Proof. Let k =1,...,v where v is a positive integer. For M, F and k, there exist unique matrices Qx and Ry
such that #¥ - F = M - Qi + Ry where R, € K[z]"*™ such that rdeg(Ry) < [d1, ..., d,] and Q; € K[z]™ ™ (see
Theorem 17). Since rdeg(z* - F) < [dy + k, ..., d, + k], we have that deg(Qy) < k by Lemma 19.

We define the matrix X4+ € K[z]"*" for any integer ¢ as diag(z@+, x%+t . pdtt),

We extend the notion of reversal to polynomial matrices and define it for M, F, Qx and Ry, as follows:

M=X?. M(z7}),
F=X"".F@™),
Qr =2 Qu(z™),
Ri = X471 Ry(z 7).

Using the previous euclidean division identity, where we replace x by =%, we have =% - F(z~!) = M(z7!) -
Qi(z™1) 4+ Re(z™1). Then, we multiply on the left by X%+(*=1 the previous identity and we get:

xHk=1) | =k Fz~1) = d+H(k-1) | M(xil) Q) + gt (k=1) Rk(afl)
& (XL FEY) = (XM@Y - (%D L Qe ) + 28 - (XEL L Ry(a )

We obtain the following identity:

F=M Qi+ 7" R (9)
Consider k; =0,...,v;—1for j =1,...,m. We rewrite Equation (9) with k& = k; for each column j =1,...,m
as follows:

FTj:M- ijyj —|—1’kj . Rij', (10)

where F,; € K[z]"*! is the j-th column of the matrix F, Qy, ; € K[z]"*! is the j-th column of the matrix Qy,
and Ry, ; € K[z]"*! is the j-th column of the matrix Ry,.

We reduce the identity (10) by z*/, which gives us F,; rem 2% = M- Qy; ; rem
Since M is a modulus polynomial matrix, we have that rlmg(M) = I,, and this is invertible. The matrix, in
K™ ™ of the constant coefficients of the polynomials in M is an invertible matrix, as it is equal to rimg(M).

k kj

Thus, the matrix M is invertible in K[x] and we denote by M ™" the inverse. In what follows, we only consider
the truncated version of the matrix M to work over the field K[z]. We obtain the following identity:

Qx,,j = M - Fyj rem zti, (11)
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We denote by ay; € K™*! the vector where at the i-th row we have the d; — 1-th coefficient of the polynomial

ki -FjremM, fori=1,...,n,k;=0,...,v;,—land j=1,...,m.

The idea is that computing, for each j = 1,...,m, the vector of polynomials Q,, ; (see (11) with k; = v;), i.e.,
Q= M - Fuj rem 2% (12)

allows us to compute the vectors of coefficients ay; ; for k; =0,...,v; —land j=1,...,m.

We show that for one column j in Lemma 37. We have Q,, ; = ZZ;;% ghitl -elem(ag,, j). We apply this lemma

to each column 5 =1,... m. o

We now focus on computing the vectors Q,, ; for j = 1,...,m. For this, we define Q, € K[z]"*™ as

Qni Qa2 - Q,,Wm] Moreover, we define X” as the matrix diag(z"*, z"2,... z").
Since we can verify that

—1 = — ] —_1 = ——1
M ~-Frrem X¥ = {M -Fyyremzt M " -Foremaz*2 ... M " -F,, rem x”’"}

:{Quhl Qu2 -+ Ql/.,n7mi|>

it is equivalent to compute Q, = M .F rem X”.

To compute Q,, we use Algorithm 3. We apply the algorithm with the inputs G = M € K[z]"" P =F €
K[z]™™ and v = {v1, ..., Vm}. By Lemma 33, Algorithm 3 computes Q, in O(n*~1 - C).

Therefore, we get ag, for k=0,...,v;—1,for j=1,...,m, in O(nv~!. (), which concludes the proof. <

» Lemma 37. Let M = [Mj]; j=1,..n € K[z]"*", where M is a modulus polynomial matriz with rdeg(M) =
[di,....dp) and D =31 d;. Let f = [f]iz1...n € K[z]™*Y, such that rdeg(f) < [d1,...,dy]. Let v be a positive
integer. We define q, = z¥ - f quo M. We have q, = ZZ;}) 2Ft1 . ay, where ay, is the vector such that at the i-th
row we have the d; — 1-th coefficient of the polynomial ¥ -f rem M, fori=1,....n, k=0,...,v — 1.

Proof. Since M is a modulus polynomial matrix and thus a row reduced matrix, by Theorem 17, there exists

unique matrices qi € K[z]"*! and r; € K[z]"*! such that 2% - f = M - qj, + rg, where rdeg(r;,) < [dy, ..., d,] for
k=0,...,v—1.

We multiply both sides on the right by  and we get z**1-f = 2-M-q +2-r,. We can write r, as aj - X! + by,
where rdeg(by) < [dy,...,d,], as aj is the vector such that at the i-th row we have the d; — 1-th coefficient of
the polynomial ry.

Moreover, we can write M = X% — My where rdeg(Mg) < [dy, .. .,d,] and X? = diag(z®, 2%, ... z%).

Thus, we can write the previous identity as 2% - f = 2 - M- qg + 2 - (ay - X1 + by,) which can be rewritten
as 2t f =2 -M.qp + ap - X4 + 2 - b,. We replace X? by M + My in the previous identity, which gives us
xk“~f::p-M~qk+ak-(M+M0)+x~bk.

We obtain *+1 - f = M- (- qi + ag) + ax - Mg + 2 - by. We note that (z - qr + ag) is of degree strictly less than
k+1 and rdeg(ay - Mg+ -by) < [dy, ..., d,]. Moreover, there exists unique qj1 € K[z]"*! and rpyy € K[z]™*!
such that z¥*1 . f = M- qs41 + rx 1 where rdeg(rpy1) < [d1, ..., d,] and rdeg(qsr1) < k + 1.

Since, they have same degrees and by the uniqueness of the quotient and the remainder in the polynomial
matrix division of same degree (see Theorem 17), we have that:

AQk+1 = T - Qg + g,
fer1 = ag - Mg + @ - by.

We focus on qgy1 = - qx + a and by multiplying the identity by #* and using the definition of the reversal of
the quotion Qi in (8), we get the following induction

Qo1 = 2" ap + @ (13)
Applying the recurrence relation iteratively yields

qo =0,

qi=1'a+q =2z,

_ S 2
ql/:xy'av—l+ql/—1:aO'x+al'x o tap1-x.
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We note that go = 0, since for the division F = M - qg + Ry, Lemma 19 gives deg(qo) < 0, and therefore qg = 0.

Therefore, for k = v — 1, we use (13) to get g, = Z,’;;é 2F+1 . a;, which concludes the proof. <

4.2 Main result: matrix modular approximation
Due to space constraints, we provide the full proof of the following theorem in Appendix C.

» Theorem 38. Let‘M = [Mijlij=1...n € K[z]"*", where M is a modulus polynomial matriz and rdeg(M) =
di,...,d,], F= [fw];ill ''''''''' "€ Klz]™™ such that rdeg(F) < [di,...,dy) and v ={v1,...,um} a set of positive

integers. Let C'= 377" vy and D = 371 d;. We suppose that n € O(m) and C' € O(D).
The problem ApproxMatrixMod(M, F,v) can be solved in O(max(m, n)*~1. D) by Algorithm 4.

Algorithm 4 Matrix modular approximation

Input: M € K[z]"™" F € K[z]"™, v ={v1,...,Um}
Output: ApproxMatrixMod(M, F, v)

Ac KDXC.

forj =1tomdo

L F.; is the vector of coefficients of each polynomial in F,;;

A =[Fy X(MF, - XM 'Ry,

Cet G, H € K**max(mn) guch that ¢, (A) = G- HT using Lemma 54;
return LinearSystem[Zp ), Zao, O(max(m,n))](G, H);

Proof sketch. We use the same reduction strategy outlined in Theorem 27, i.e., we reduce the problem
ApproxMatrixMod(M, F, ) to a problem of type LinearSystem|Zp g, Zao, O(max(m,n))], as presented in Algo-
rithm 4. The key difference lies in the definition of the matrix A, where we exploit the generalized multiplication
matrix in Definition 30.

We define the matrix A € KP*¢ as the matrix A = [A1 Ay - Am}, where A; € KP*¥i for j=1,...,m,

corresponds to the matrix
Aj= [Py X(M)-Fy oo XM Rl (14)

such that F € KP*™ is the matrix where we replace each polynomial of F by the vector of its coefficients.
We refer to Appendix C for the detailed construction of the ¢, -generators of length O(max(m,n)) for the
matrix A. Note that Theorem 36 and Lemma 31 are the main tools used in this construction. <

5 Solving quasi-Toeplitz like linear systems deterministically

In this section, we present a deterministic method to solve quasi-Toeplitz structured linear systems given by
their ¢ -generators. Our approach achieves the same complexity as the best known algorithms [3, 1], thereby
eliminating the randomization used in those works.

The ¥X-LU decomposition of a quasi-Toeplitz matrix is a well-known result in linear algebra, that originated
from [28].

» Lemma 39. Let A € K™ with ¢, (A) = G-HT such that G € K™% and H € K™**. We can write
A= 1L(fi) Ulg:), where f; is the i-th column of the matriz G and g; is the i-th column of the matriz H.

The following two lemmas are results commonly used in the literature (for instance [3]). We provide proofs
of these results for the sake of completeness in Appendix D. Both results are the starting point for finding a
polynomial representation of the structured linear systems we are interested in.

» Lemma 40. Let u,v € K™ be two vectors and p = LL(u) -v. We have that p(z) = u(z) - v(x) mod x™, where
u(r) = S0 wat, v(r) = g viat and p(z) = 1) pir’ are the polynomial representations of the vectors u,

v and p, respectively.
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» Lemma 41. Let u,v € K™ be two vectors and p = U(u) - v. We have that p(x) = rev,,_1(u(z)) -
v(z) quo 2™, where u(x) = S uiat, v(r) = S vt and p(x) = Yt piat are the polynomial

representations of the vectors u, v and p, respectively.

In what follows, we introduce two approximation problems. The first is that of computing a Popov basis of
solutions to a K[z]-linear relation modulo a polynomial. The second is the problem where we seek rational
functions all sharing the same denominator and satisfying a linear relation modulo a family of polynomials.

» Definition 42. Given an approximation order n € N, a F € KX with rdeg(F) < n, and a shift s € Z*, we
define the problem ApproximantBasis(F,n) as follows:

ApproximantBasis
Input: FeKz]'™™* n, s =]s1,...,84] € Z°.
Output: P € K[z]*** such that P is the s-popov basis of solutions {p € K[x]**! | F-p = 0 mod 2"}.

» Theorem 43 (Theorem 1.1 in [14]). Given an approzimation order n € N, a matriz F € K™ with
rdeg(F) < n, and a shift s € Z*, the problem ApproximantBasis(F,n) can be solved in O(a“~t - n).

» Definition 44. Let F € K™ witht < o and rdeg(F) < n. Let T = (Ty,...,T;) € Nt and N = (Ny,...,N,) €
N be degree bounds such that T; <n fori=1,....,t and N; <n forj=1,... a.
We define the problem ApproxExtended(F, T, N) as follows:
ApproxExtended
Imput: FeKz]*, T=(T1,...,T;) e N, N=(Ny,...,N,) € No.
Output: nonzero p € K[z]”*! and ¢ = (¢1,...,0a) € Klx]* such that F-p = ¢ mod z", with
rdeg(p) < T and deg(¢;) < N;j forj=1,...,c.

Note that we consider, in the above, a particular case of the result of Rosenkilde and Storjohann [25] in
Theorem 45, where we assume that all the o moduli are ™ and that the number of rows of the matrix F
is less than or equal to the number of its columns. For ease of notation, we denote the family of o moduli
(", ..., 2") as 2"

» Theorem 45 (Subcase of Theorem 1.7 in [25]). Given a matriz F € K*** with rdeg(F) < n and T =

(Ty,...,Ty) € Nt and N = (Ny,...,N,) € N* be degree bounds such that T; <n fori=1,...,t and N; <n
for j=1,..., a, the problem ApproxExtended(F, T, N) can be solved in O(a“~'-t-n).

» Theorem 46. Given G € K" and H € K"™*?, such that ¢+ (A) = G- HT for a matriz A € K™™, and a
vector v € K™ the problem LinearSystem(G, H,v) can be solved in O(a*~! - n), using Algorithm 5.

Proof. We define
fi(x) =0 Gyat for j =0,...,a— 1,
gi(x) =S Hyjal for j =0,...,a — 1,

v(x) = Z?:_Ol v;z!, where v; is the i-th element of the vector v,
u(r) = S5  ugat, where u; is the i-th element of the unknown vector u.

We can then express the problem LinearSystem(G, H, v) using polynomials as follows, for any solution u,
Acu=ve ZL(G*f) ‘U(H,j) -u=v (Since ¢4 (A) = G-H' and by Lemma 39)
i=1

«
& ZfZ - (revp_1(gi) - quo 2™ ') mod 2" = v (by Lemmas 40 and 41).
i=1

We denote by p;(x) the polynomial rev,, 1(g;) - u(z) quo 2™ ! for i =0,...,a — 1, and p the vector formed
by the p;’s. We define F = [fo, f1, ..., fa—1]. Computing all possible p;’s such that >-% ;| f; - p; = v mod a2 is
equivalent to computing all possible vectors p such that F-p = v mod z".

We can suppose without loss of generality that m < n and we proceed as follows in this proof. To handle the
case where m > n, we simply replace n by m in the rest of the proof.
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Algorithm 5 Solving a structured linear system

Input' G = [Gw}z:o ’’’’’ Z_—ll & Knxa’ H= [HZ_]];i% ''''''''' 72’ __11 € Kmxa7 VvV = {Vi]i:(] _____ n—1 € KnX1.

=0,
Output: LinearSystem(G, H,v)
// Transform to polynomial matrices 11 else if deg(p) = 0 then
1 for j=0toa—1do 12 u(x) =1
2 L filz) = X5y Gya // Reverse
3 F=[fo(@), ile), .., farr ()] 18| O, 00) =rdeg(P);
4 forj=0toa—1do 14 P(z) = P(z™")diag(z™, ..., 2%);
L gi(z) = S0t Hyjat 15 AMz) = diag(z" 1% gm0\ (7)),
6 8= [d0, 91 s Gar]T; 16 | rev, 1(s) = [revy_1(s0); .-, revy_1(sa_1)]";
1 ’ // Retrieve the solution
7 v(z) = 35 via' ; = 1 = 1
// Approximant basis computation 17 B = [P g —P -revn_l(s)];
P 18 T=mn1,N=n—-1-01,...,n—1—10,);
8 [ ® :ApproximantBasis({F —v} ,n); "
0 n 19 [ ] , A = ApproxExtended(B, T, N);
9 if deg(u) > 0 then 1
10 | return {; 20 | return [coeff(u,a —1),..., coeff(u,0),]T;

We denote by E € K[z]'*(@+1 the matrix formed by the polynomials f;(x) and the polynomial —v(z), i.e.,
E = [F —v(x)] From Theorem 43, we can compute Q = ApproximantBasis(E,n, [0,...,0,n]) in O(a®*~! .
M(n)+a*~t-n-log(a)) = O(a®~'-n) operations in K, where [0,...,0,n] € Z**'. By Lemma 47, we get that

P
Q= [O (s )] , where P € K[z]**“ is the [0, ...,0]-Popov basis of solutions to the equation F-p =0 mod 2",
w(x

a monic polynomial x(z) of minimal degree and s € K[z]**!

are such that F-s= u-v mod z".

We now distinguish two cases:
If ;1 has degree > 1, then there is not a solution to the equation F-p = v mod 2", as p is of minimal degree.
Therefore, there is no polynomial solution (p1,...,ps) to the equation Y, fip; = v mod z™; in this case,
the last equation cannot hold and therefore A - u = v has no solution u by the above equivalence.
Otherwise, if ;1 has degree 0, then we can assume without loss of generality that y = 1. In this case, we
can write any solution p to the equation F-p = v mod 2™ as p = P- A +s, where A € K[z]**! is a vector of
polynomials. This means that any solution to the equation can be expressed as a linear combination of the
columns of the matrix P plus a vector s.

Going back to the equivalence and assuming p = 1, for any solution u,

«
Au=ve ZfZ - (revy,_1(gi) - w quo ") mod 2" = v
i=1
& 3INeK[z]“*! p=PA +s.

We fix a A € K[z]**L.

Since Q is the [0,...,0,n]-Popov basis of {q € K®*! | E-q = 0 mod 2"}, we have that det(Q) = z™. Therefore,
we get that > (rdeg(Q)) < deg(det(Q)) = n. We can’t reduce the degree of det(Q) further, as it would mean
there exists another linear combination of the columns of Q. Thus, we have ) (rdeg(P)) < n.

Note that rdeg(p) < n — 1 since deg(rev,,—1(g;)) < n — 1 and deg(u) < n — 1. On the other hand, rdeg(s) <
rdeg(P) < n, so we can deduce that rdeg(PA\) < n — 1. Thus we can reverse the identity p = PA 4+ s with
respect to degree n — 1: rev,_1(p) = rev,_1(P\) +rev,,_1(s). We recall that p; = rev,,_1(g;) - u quo x™~ 1, so we

can write rev,,_1(p;) = gi - revp—1(u) mod 2" for i =1,..., c.
We focus on rev,,_1(P\). We have rdeg(P) = (d1,...,0,) with all §; > 0 and §; + --- + 04 < n, and since
P is in Popov form (zero shift), we also have cdeg(P) = (d1,...,0,). Moreover, since P is column reduced

(as it is in an Popov form), we can apply the predictable degree property (Proposition 6.3.13 in [15]), to get

-----
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Consequently, we can write
rev,_1(PA) = 2" 'P(z YA (z™h)
= P(z Hdiag(z"", ..., 2" HA(z™)
= P(z Ydiag(2®, ..., 2% )diag(z" 1%, ..., 2" 0\ (271 = P(x)A(x).

where we denote by P(z) the column-wise reverse of P (with respect to degrees 6y, ..., d,), and by A the reverse
of A (with respect to degrees n — 1 —0y,...,n—1—0d,).

We denote by g the vector of polynomials [g1, go, . . ., ga] "

Therefore, we obtain an approximation problem where we have to find u and A such that deg(\;)) <n —1—9;
and deg(u) < n — 1, as follows:

A-u=veg-rev, i(u) = (P\+rev, 1(s)) mod 2"
& g-rev, 1 (u) — rev,_1(s) = PA mod 2"

<Pt gorevy_i(u) =P - rev,_i(s) = A mod 2"

& [IS‘l g —P71. revn—1(5)} : lrevnil(u)l =\ mod 2"

Note that P is invertible modulo z. This is built on the fact that P is in Popov form, which implies that
clmg(P) is invertible. Therefore, the matrix of constant terms of P is also invertible, and thus the determinant
of P is nonzero (its evaluation at 0 is nonzero).

We consider the problem ApproxExtended with the inputs [P~!-g, —P~!-rev,,_1(s)] € K[z]**?, T = (n,1) € N?
and N=(n—1—14d1,...,n—1—46,) € N*. We can assume that n > 2, as the case n = 1 is trivial and we
indeed have rdeg([P~" - g, —P~! - rev,,_1(s)]) < n.

evy,—1(u)

We get a solution [revnﬂl (u)] and A = (A1,..., A) such that rdeg( [r ) < T and deg()\;) <n—1-4;.

Since deg(3) < 0, we may assume 3 = 1 as the algorithm in [25] returns such a solution.
The computation is done in O(n“~1 - n) by Theorem 45. Finally, we can retrieve the solution of the problem

LinearSystem(G, H,v) by taking the vector of coefficients of u. The total cost is O(a*~1 - n). <

» Lemma 47. Let F € K[z]'™ be a polynomial matriz such that rdeg(F) < n, v € K[z] be a polynomial such
that deg(v) < mn and s =[0,...,0,d] € Z™. We define G = [F —U} € K]+ gnd Q € K[z](m+Dx0m+1)

s
] , where

P
such that Q = ApproximantBasis(G,n, s). Then, Q corresponds to the matriz [O
i

P € K[x]™*™ is the [0, ..., 0]-Popov basis of {p € K™ |F.p =0 mod 2"},

s € K[z]™ and p € K[z] of minimal degree such that F -s = v(zx) - p(z) mod x™.
s
uop
Since Q is ApproximantBasis(G,n, s), it is a [0, ..., 0, d]-Popov basis of {p € K™**1 | G.p = 0 mod 2"}. By
Definition 21, we have [deg(uq) +d, ..., deg(uy,) + d] < cdegy(P). Since cdeg,(Q) < [d,...,d], we can deduce

that cdegy(P) < [d,...,d] and thus [deg(uy),...,deg(u,)] < [0,...,0]. Therefore, we get that u; is the zero
polynomial for i =1,...,m.

P
Proof. We write Q as [ ], where P € K[z]™*™ s € Klz]™!, u=[u,...,uy] € K[z]"*™ and p € K[z].

P s
0 n
{F-P F-s—v-,u}:()mod:z". Therefore, we get that F-P =0 mod 2™ and F-s=wv - mod z™.

Finally, we add that P is the [0, ..., 0]-Popov basis of {p € K™*! | F-p =0 mod 2"} since it is the submatrix
of a matrix in [0, ..., 0, d]-Popov form. <

Moreover, we have G - Q = 0 mod 2", which means that [F —v(x)} . [ ] = 0 mod z". This means that

6 Conclusion

We refer to Section 1.5 for a summary of the results presented in this report and perspectives for future work.
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A Column reduced matrices and division

Our previous discussions in Section 2.2 about row reduced polynomial matrices have counterparts, which are
column reduced polynomial matrices. We define the column reduced polynomial matrices and the right division
of polynomial matrices by column reduced polynomial matrices in this appendix.

» Definition 48. Let M = [M;j]; j=1,..n» € Klz]™" be a polynomial matriz, s = [s1,...,5n] be a list of
non-negative integers and rdeg (M) = [dy,...,d,]. We define the row leading coefficients matrix of M with
respect to s as the matriz [coeff(M;;, d; — s;)]ij=1,..n € K™, We denote this matriz by clms(M).

-----

» Definition 49. Let s = [s1,...,8,] be a list of non-negative integers. A nonsingular matric M =
[Mijlij=1,..n € K[z]"*", such that cdeg (M) = [di,...,d,] is called s-column reduced if the matriz clm;
is invertible.

We say that M is column reduced if s = [0,...,0].

2

x x X
] is column reduced, while the matrix M = [ 31 is not column
T x

x
For instance, the matrix M = [ 3
x

reduced.

» Theorem 50 (Theorem 6.3.15 in [15]). For any column reduced M = [M;j]; j=1,..m € K[z|™*™, and any
F=] fzy];zlf,’,?n € K[z|™™, there exist unique matrices Q = [qij];—zll”'f.'.’;l € K[z]™™ and R = [rij];zll’y'."'.’,% €
K[z]"*™ such that cdeg(R) < cdeg(M) and

F=Q -M+R,

where R is the right remainder matriz and Q is the right quotient matriz.
We denote by F rquo M the matriz quotient Q and by F rrem M the matrix remainder R for the right division
of the polynomial matriz F by the polynomial matriz M.

» Lemma 51. Let M = [M;;] € K[z]™™ a column reduced polynomial matriz such that rdeg(M) = [d1, ..., dy]
where d; is a positive integer for i =1,....n. Let F = [fi;] € K[z|"*™, such that rdeg(F) < [di +k, ... dn+ k]
where k is a positive integer. Let Q = [qi;]'=y 7", € K[z]™*™ be F rquo M. Then, we have deg(Q) < k.

Jj=1,...m

Proof. We start this proof by proving the following property: clmg(M) = rlm_cqegm)(M).
We have on one side, Vi, j € {1,...,n}:

elem(clmg(M), i, j) = elem(rlmg(MT)T i, )

= elem(rlmo(MT), 5,4)
M;;, elem(rdeg(MT), 7)) (by Definition 15)
M;j, maxj—1 n(deg(Mka) +0))

-----

= coeff

= coeff(M;;, maxy=1,. n(deg(My;) + 0))

(
= coeff(
(
= coeff(M;;, elem(cdeg(M), 7)) (by Definition 48)

On the other side, we have Vi, j € {1,...,n}:

elem(rlm _cgeg(m) (M), 4, ) = coeff(elem(rdeg_cqegm) (M), 7) + elem(cdeg(M), j), M;;) (by Definition 48)
= coeff(maxg=1,.n(deg(M;;) — elem(cdeg(M), k)) + elem(cdeg(M), 5), M;;)
= coeff(maxy—1, n(deg(My) + 0)) + elem(cdeg(M), 5), M;;)
= coeff(elem(cdeg(M), 7), M;;) (since deg(M;,) < maxs—1,..,(deg(My)) for all i, k)

-----

Thus, we conclude that

C|m0(|\/|) = rIm_Cdeg(M)(l\/l). (15)
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Now, we show that rdeg_cqegm)(M) = [0, ..., 0]. Since we shift the degrees of each row of M by its leading
coefficient degree, we have that all degrees after the shifts are either 0 or negative. We consider that an entry
with negative degree is equivalent to a zero entry and thus has a degree of —oo. Therefore, the only possible
values for the degrees of the entries of rdeg_ qeg(v)(M) are 0 or —oco. Moreover, if we have —oo in the degree
of an entry, then all degrees of that row in the shifted matrix are —oo, which means that the row is entirely
zero. If we assume this, then rlm_cgegv)(M) is a matrix with a row of zeros, which means that the matrix
is not invertible. This a contradiction since we know that clmo(M) = rlm_cqegmy(M) by (15) and clmg(M) is
invertible by Definition 48. Thus, we conclude that

rdegfcdeg(M)(M) = [07 ce 70]

Let R = rem (F,M). By Theorem 50, we have F = Q-M+R and cdeg(R) < [d1,...,d,]. Since F—R = Q-M, we
have cdeg(F — R) = cdeg(Q - M). We use the fact that cdeg(F) < [dy + k, ..., d, + k] and cdeg(R) < [d1, ..., d,]
to deduce cdeg(F —R) < [d1 +k, ..., d, + k] and thus cdeg(Q-M) < [d1 +k, ..., d, + k]. By the same argument
as above, we have

rdeg_cgegmy(Q - M) < [k, ..., K].

Since M is —cdeg(M)-row reduced (as it is column reduced) and rdeg_ 4eg(my(M) = [0, ..., 0], we can apply
the counterpart of the predictable degree property (see Theorem 6.3.13 in [15]) on each row Q. of Q for
1=1,...,n to get:

= rdeg(Qix).

Thus, we have rdeg(Q;.) < k for i = 1,...,n, which means that rdeg(Q) < [k, ..., k].
Finally, we conclude with deg(Q) = max(rdeg(Q)) < k. <
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B No loss of generality

As stated previously, in Section 4, we can assume without loss of generality that the matrix M is a modulus
polynomial matrix (see Definition 22). We show in what follows how to reduce the problem ApproxMatrixMod
given a modulus that is a regular nonsingular matrix M to the problem ApproxMatrixMod given a modulus
that is a modulus polynomial matrix, while ensuring the degree bounds via matrix division with remainder
(see Theorem 17).

We have previously defined 0-popov matrices in Definition 21. For this section, we will use the counterpart
definition, such that for s = [s1,..., s,] a list of non-negative integers, a polynomial matrix M € K[z]™*" is in
s-Popov form if rimg(M) = [, and clmy(M) is a unit lower triangular matrix (lower triangular matrix with all
diagonal entries equal to 1). We say that M is in Popov form if s = [0,...,0].

» Lemma 52. Given a nonsingular M € K[z|"*™, there ezists a unimodular matriz U € K[z]"*™ such that
M - U is a modulus polynomial matriz,
Given F € K[z]|"*™ with rdeg(F) < rdeg(M), there ezists G € K[z]™™™ with rdeg(G) < rdeg(M) where
G = F rem M and the set of solutions of ApproxMatrixMod(M, F,v) is the same as the set of solutions
ApproxMatrixMod(M - U, G, v).

Proof. We prove each point of the lemma separately.
Since M is a nonsingular matrix, we can transform this matrix to a Popov form by multiplying it on the
right by a unimodular matrix U. The construction of this unimodular matrix is detailed in pages 484-486
of [15]. Therefore, we have that

VM € K[z]"*" nonsingular, 3U unimodular s.t. M - U is 0-Popov.

Moreover, we show that a 0-Popov matrix is a modulus polynomial matrix.

Indeed, we have that rlmg(M) = I,,.

The diagonal of 1’s in the matrix rlmg(M) means that the polynomials with the leading degrees of M are
the ones on the diagonal and that these polynomials are monic.

Since the rest of the entries in the matrix rimg(M) are 0, we have that all the other polynomials in the
matrix M are of degree strictly less than the leading degrees of the polynomial on the diagonal of its
corresponding row.

Therefore, we have that M is a modulus polynomial matrix.

Let U be the unimodular matrix such that M - U is a modulus polynomial matrix. Consider the sets
{g e K™ |F.g=0mod M} and {h € K™ | G-h =0 mod M- U}.

The latter corresponds to the set of solutions to the equation F rem (M- U)-h = 0 mod M, which is
equivalent to the set of solutions to the equation F-h =0 mod (M- U).

The multiplication by the unimodular matrix U does not change the basis of solutions {g € K™*! |F.g =
0 mod M}, i.e., 0 mod M and 0 mod (M - U) generate the same vector space.

The columns of M - U are linear combinations of the columns of M, and thus the solutions to the equation
F-g =0 mod M are also solutions to the equation F-h =0 mod (M- U).

Moreover, since U is unimodular, it is invertible and thus we can write M = M - U - U~!. Similarly, the
columns of M are linear combinations of the columns of M - U, and thus the solutions to the equation
F-h =0 mod (M-U) are also solutions to the equation F - g =0 mod M.

Therefore, we have that {g € K™ |F-g=0mod M} = {h € K™ | G-h=0mod (M-U)}.
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C Matrix modular approximation: proof of Theorem 38

We restate the theorem and provide its complete proof.

» Theorem 38. Let‘M = [Mijlij=1...n € K[z]"*", where M is a modulus polynomial matriz and rdeg(M) =
[di,...,dy], F= [fw];ill ''''''''' "€ Klz]™™ such that rdeg(F) < [di,...,dy) and v ={v1,...,um} a set of positive

integers. Let C'= 377" vy and D = 371 d;. We suppose that n € O(m) and C' € O(D).

The problem ApproxMatrixMod(M, F, v) can be solved in O(max(m,n)*~" - D) by Algorithm 4.

Proof. The approach is to reduce the problem ApproxMatrixMod(M, F, v) to the problem of solving a linear
system with a quasi-Toeplitz structure. We can use known Algorithm 5 to solve such a linear system in the
desired complexity.

Formally, we reduce ApproxMatrixMod(M, F, ) to a problem of type LinearSystem[ZD,o,ZaO, O(max(m,n))],
as presented in Algorithm 4.

We define the matrix A € KP*¢ as the matrix A = [Al Ay - Am}, where A; € KP*¥ for j=1,...,m,
corresponds to the matrix

A = [ﬁ*j X(M)-Fyy - X(M)%! .ﬁk]} : (16)

such that F € KP*™ is the matrix where we replace each polynomial of F by the vector of its coefficients.
» Notation 53. For ease of notation, we refer to the matrix X(M) as X for the rest of this proof.
Lemma 54 establishes that we can construct a ¢-generator of length O(max(m,n)) for the matrix A.

» Lemma 54. Let A be the matriz defined in (16). We construct ¢ -generators of length O(max(m,n)) for A
in On“=t-D+m-n*"2-D+n*"1.C) operations in K.

Proof. We know by Definition 8 that, if A is a quasi-Toeplitz matrix, then ¢ (A) =A—Zpy- A- Z-Ic—‘,o- We
use the fact that Zpo =X —Y + N E+ § where X is the matrix defined in (6), Y is the matrix defined as

0 Cip - Cip
Car 0 - Cop
Y= . s
Cnl Cn2 T 0
where § € KP*P as the matrix [6ab]a,b:1,...,D where 0, = 1 if a = 22:1 dp+1 and b = 22:1 dp fori=1,... n,
and g, = 0 otherwise, for a,b =1,...,D, N € KP*" and E € K™ are block diagonal matrices such that

M = diag(m1, ..., m,) with m; € K%*1; the vector of coefficients of the polynomial M;;, and E = diag(es, ..., e,)
with e; = [0,...,0,1] € K™% fori =1,...,n.
Consequently, we can rewrite ¢ (A) as follows:

or(A)=A-X-A-ZLo+Y-A-Zl,—6-A-ZLy—N-E-A-Z[,. (17)
We then compute the generators as follows:

ForA—X-/—\-Z-C':’O:

WecanwritcA—X-A-Zaoas [Bl By --- Bm} where B; € KP*¥ for j=1,...,m is
Fy 0 - 0] ifj=1
Bj=1< B
[Fy—Xu Fugoy 0 - 0] ifj>1

We can write B =Y - ZT where Y € KP*™ is the matrix [YJ} - where Y; € KP*! is defined as

F.j] ifj =1

E [F—Xv Foy | ifj>1
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and Z € KE*™ is the matrix [Zj] for j =1,...,m where Z; € KE*1 is defined as the vector of all zeros

except for the first position and the ng;ll vk + 1-th position for j = 2,...,m, which is 1.
The computation of Y is bounded by the computation of X*i-1 -E(]-,l) for j = 2,...,m, which corresponds
to the computation of the coefficients of the polynomial %7 - F,; rem M, and can be done in On“=t-D+

m -n®~2. D) operations in K, as proven in Lemma 31.
For 0 -A- ZE@:

-----

and U = [U;;]"Z} 7" where T;; € K%*! and Uj; € K%*! are defined as follows:

j=1,...m>
1
O . 1 O . 2
Tz‘j: fOI‘ j_ Tij: . fOI‘ ]_ AR
i1=1,...,n : i=1,...,n
0
10
_ . ;
0 coeff(F.;,4,d; — 1)
. j=1 . j=2,...,m
Uj = || for Uji = coeff(x - Fyj rem M,4,d; — 1) for
: i=1,...,n . =1
0 :
_coeff(nr:"j_2 -Fij rem M i, d; — 1) |

COGfF(CL‘Vj_l : F*j rem M,Z — 1, dz’—l — 1)
coeff(Fyj,4,d; — 1)
. jJ=2,...,m
Uj = coeff(x - Fyj rem M, 4,d; — 1) for .,
. i

coeff(z¥ =2 - F; rem M, i,d; — 1)
Note that coeff(z*~! - F,; rem M,i,d; — 1) corresponds to elem(F,; - X*~1 S°¢ . (d},) — 1).
The computation of U corresponds to the computation of the d; — 1-th coefficient of the polynomial
at row 4 and column j of the matrix 2% - Frem M, for i = 1,...,n, ki = 0,...,v;, —1 and j =
L,...,m (i.e. the problem LastCoeffModMat(M,F,v), where v = {v1,...,v,}) and thus can be done in
On“=t-D+m-n*"2.D+n*"1.C) operations in K as shown in Theorem 36.
ForY-A- Zao:
We define R € KP*" as follows

0 mp - my,
mer 0 - mgy,
R= ,
Mp1 Mp2 - 0
where m;; € K% is the vector of coefficients of the polynomial M;; for i,5 =1,...,n.

We have that Y- A - ZE,O = R-UT. The computation here is bounded by the cost of computing U, as in the
previous case. Therefore, the total cost of computing Y - A - ZE,O is bounded by O(n‘”*l -D+m-nv2.
D +n¥~1. ) operations in K (see Theorem 36).

For N-E'A-Zaoz
Let P € K> such that P = AT-ET and Q € K€*" such that Q = Zco-P. We can write N-E~A-ZZ~70 =N-QT.
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In order to compute Q, we need to compute P first. We have P = [Pﬂ]zzllfl” and P;; € K%*! such that

coeff(F.;,i,d; — 1)
coeff(z - Fyj rem M, i, d; — 1)

coeff(x¥i =1 - F,; rem M, i,d; — 1)

fori=1,...,nand j=1,...,m.

By Theorem 36, we can compute Pj; in Om*~'-D+m-n“"2.D+4n*"'.C) operations in K. The

computation of Q is the cost of the multiplication of the matrix the matrix Zc o by P, which corresponds

to a vector matrix multiplication and thus can be done in O(n*~' - C') operations in K.

Therefore, the total cost of computing N-E - A - ZZ‘,O is bounded by O(n~'- D +m -n*"2. D4+ n1.C).
To summarize, we recall that ¢4 (A) =A —Zpo-A- ZE,O +Y-A- Z-Cr,,o —J5-A- Zao —N-E-A- ZZ‘,O and we
now have:

A-—X-A- ZZ‘,O =Y -Z7, where Y € KP*™ and Z € K¢*™, can be computed in O(n‘*"l -D+m-n*"2.D).

6-A-Z1C-70 = T-UT, where T € KP*" and U € K", can be computed in O(n~'-D+m-n*"2-D+n*"1.C).

Y-A-Zao = R-UT, where R € KP*" and U € K¢*", can be computed in O(n‘*’_l-D—l—m-n“’_z-D—l—n“’_l-C).

N-E-A-Za0 =N-QT, where N € KP*" and Q € K€*", can be computed in O(n*~!-D+m-n*"2.D+n*~1.C).
Therefore, we can compute ¢, (A) = G- HT where G = [Y -T R —N} and H = {Z u u Q} in
On“~'-D+4+m-n“"2.D+n"'.(C) operations in K. We have G € KP*("+37) and H € KE*("+3)  Since
the number of columns of G is (m + 3n), we have a ¢ -generator of length O((m + 3n) € max(m,n)) for the
matrix A, computed in O(n“~- D +m-n¥"2. D +n*"1.C) = O(max(m,n)*~" - D) operations in K, which
concludes the proof of Lemma 54. <

After computing the ¢, -generator of length O(max(m,n)) for the matrix A, we have formally reduced the
problem ApproxMatrixMod(M, F, v/) to the problem of solving a linear system of equations with a quasi-Toeplitz
matrix A, i.e., LinearSystem|[Zp o, Zao, max(m,n)](G, H), which can be solved in O(max(m,n)*~!- D) operations
in K (see Theorem 12). Finally, we recover the solution g of the problem ApproxMatrixMod(M, F, v) from the

T
solution u of the linear system A - u = [0 e O} . We conclude that the problem ApproxMatrixMod(M, F, v)

can be solved in O(max(m,n)“~! - D) operations in K. <
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D From quasi-Toeplitz structure to polynomial representation

In this section, we provide formal proofs for Lemmas 40 and 41, which show how to express the polynomial
representation of a lower and upper triangular Toeplitz matrix, respectively. We restate the lemmas here for
the sake of clarity.

» Lemma 40. Let u,v € K™ be two vectors and p = L(u) -v. We have that p(z) = u(z) - v(x) mod x™, where
u(r) = S0 uat, v(x) = S0 g viat and p(z) = Y1) pir® are the polynomial representations of the vectors u,
v and p, respectively.

Proof. We have the vector u = [ug, uy,...,u, 1|7 € K®*! and the vector v = [vg,v1,...,v, 1]T € K™ We
consider p = [pg, p1, ..., Pn_1]" € K™! as the vector we want to compute, given by the following equation:
Fpo | [ wo 0 0 Vo
P1 uj Up 0 Vi
p=L(u) -ve =
| Prn—1] |lUn—1 Up—2 -+ Ug Vn—1
Po UoVvo
P1 UiVvp + Ugvi
= =
| Pn—1] i o UiVp— 1

We define the following polynomials:
u(z) = iy ui,
v(x) = Z?;OI vzt
plx) = iy pir’.

We can verify that u(x) - v(z) mod 2" = p(x), as follows:

n—1 n—1
u(z) - v(x) = (Z uixi> . Zvjxj mod z"
=0 =0
n—1n—1

= Z Z uivj:r“” mod z"

i=0 j=0
2(n—1)

k
= Z <Z uivk_i> LL‘k mod z"

k=0 =0

n—1 k
= Z U;Vi—; .Ik
0

k=0 \i=
n—1
= Z Pkfck
k=0
= p(z)
«

» Lemma 41. Let u,v € K™ be two vectors and p = U(u) - v. We have that p(x) = rev,,_i(u(z)) -
v(z) quo 2™, where u(z) = YT wat, v(r) = ST virt and plx) = St pirt are the polynomial

representations of the vectors u, v and p, respectively.
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Proof. We have the vector u = [ug, uy, ..., u,1]7 € K®*! and the vector v = [vg,v1, ..., v, 1]T € K™ We
consider p = [pg, p1,---,Pn_1]" € K™ as the vector we want to compute, given by the following equation:
Po Up up --- Up—1 Vo
P1 0 uw -+ Up2 Vi
p=Uu) v& = S
| Pn—1] 100 -+ u Vi1
[ po | [ugvo + urvi + - -+ + Up—1Vy_1
P1 UVl + UjVe + -+ + Up—2Vp_1
R —
| Pn—1 | L UoVn—1
Po Z? 01 Uz Vi
P1 Zi:o UiViti
@ . = .
0
| Pr—1| > im0 UiVn—1+i

We define the following polynomials:
u(r) = Y0y v ',
’U(JZ’) = 21:01 V@x )
p(z) = S0 pi’
We can verify that rev,,_q(u(x)) - v(z) quo "+ = p(z), as follows:

rev,—1(u(z)) - v(x) = (i ugz" ! (Z vjx3> quo z"
=0

:ZZuvx(” =045 quo 2™~

i=0 j=0

2(n—1) k
= Z (Z uivkﬂ-) 2" 7% quo 2!
-1
-5 (zu )
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