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Zusammenfassung

Lineare Algebra und Arithmetik von Polynomen bilden die Grundlage von Computeralgebra. Die
letzten 20 Jahre hinweg haben sich die Algorithmen stetig weiter verbessert, so dass die aktuellen Algo-
rithmen fiir Matrixinvertierung, zum Ldsen linear Systeme und zur Determinantenberechugn theoretisch
nicht mal eine kubische Laufzeit besitzen. In dieser Arbeit werden schnelle und praktische Algorith-
men fiir klassicher Probleme der linearen Algebra tiber Zahlkorpern und Polynomringe vorgestellt. Als
Zahlkorper bezeichnen wir eine endliche Erweiterung des Korpers der raionalen Zahlen.

Eine grundlegende Herausforderung im symbolischen Rechnen ist die Koeffizientenexplosion: Die
Bit-GroBe von Zwischenergebnissen kann im Verhiltnis zur Groe der Ein- und Ausgabe um ein vielfach-
es anwachsen. Die Standardstrategie, um diesem Effekt beizukommen, ist statt die Zahlen direkt zu
berechnen, die Berechnung modulo gewisser andere Zahlen durchzufiihren unter Verwendung vom
Chinesischen Restsatz oder einer Variante der Newton-Hensel Lifting. Im finalen Schritt dieser Algo-
rithmen werden diese Methoden iiblicherweise kombiniert mit Rekonstruktionsverfahren wie beispiel-
sweise der rationalen Rekonstruktion, um ein ganzzahliches Ergebnis in ein rationales Ergebnis umzuwan-
deln. In dieser Arbeit stellen wir Rekonstruktionsverfahren tiber Zahlkorper vor mit einem schnellen und
simplen Vektor-Rekonstrutkionsalgorithmus.

Die gingige Methode fiir die Berechnung der Determinante ganzzahliger Matritzen geht zuriick auf
Storjohann [PS13]]. Beim Verallgemeinern diese Methode auf Zahlkorper tat sich das Problem auf, dass
der durch die Zeilen der Zahlkorper Matrix generierte Module nicht ldnger freie ist, und Storjohanns
Methode deshalb nicht mehr anwendbar ist. zu betrachten waren wie bislang in Storjohann’s Theorie.
Um dieser Schwierigkeit Herr zu werden greifen wir auf die Theorie von Pseudo-Matritzen (in [Coh96])
zu. Im Zuge dessen bedurfte es einer Verallgemeinerung von unimodularen Zertifizierungsmethoden fiir
Pseudomatrizen: Ahnlich wie im ganzzahligen Fall iiberpriifen wir, ob die Determinante von gegebenen
Pseudomatrizen eine Einheit ist, indem wir mit Hilfe von hoherer Ordnungen lifting die Ganzzahligkeit
des zugehorigen dualen Module testen.

Ein zentraler Algorithmus der linearen Algebra ist der Dixon Solver [Dix82] zum Ldsen linearer
system. Traditionell wird dieser Algorithmus lediglich fiir quadratische Systeme mit eindeutiger Lo-
sung verwendet. Wir verallgemeinern den Dixon Algorithmus fiir nicht quadratische lineare Systeme.
Da dann das Ergebnis nicht eindeutig ist, benutzen wir eine Basis des Kerns, um die Losung zu nor-
malisieren. Die Implementierung umfasst einen Algorithmus zur schnellen Berechnung von Kernen,
welcher in einer erweiterten Form die reduzierte Zeilenstufenform einer Matrix iiber Ganzzahlen und
Zahlkorpern ausrechnen kann.

Die schnelle Implementierung zur Berechnung charakteristischer Polynome und Minimalpolynome
tiber Zahlkorper verwendet einen modularen, auf dem Chinesischen Restsatz aufbauenden Ansatz.
SchlieBlich prisentieren wir eine Verallgemeinerung Storjohann’s Algorithmus zur Determinanten-
berechnung auf Polynomringe iiber endlichen Korpern, Teile derer aus Rekonstruktionen und unimod-
ularen Zertifikaten bestehen. Das in diesem Fall auftretende Anwachsen der Grade bekommen wir in
den Griff mit Hilfe von Hebungen hoherer Ordnungen im unimodularen Zertifizierungsalgorithmus. Er-
folgreich verwendeten wir einen halb-ggT Ansatz fiir die Optimierung der Rekonstruktion rationaler
Polynome.
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Abstract

Linear algebra, together with polynomial arithmetic, is the foundation of computer algebra. The
algorithms have improved over the last 20 years, and the current state of the art algorithms for matrix
inverse, solution of a linear system and determinants have a theoretical sub-cubic complexity. This
thesis presents fast and practical algorithms for some classical problems in linear algebra over number
fields and polynomial rings. Here, a number field is a finite extension of the field of rational numbers,
and the polynomial rings we considered in this thesis are over finite fields.

One of the key problems of symbolic computation is intermediate coefficient swell: the bit length
of intermediate results can grow during the computation compared to those in the input and output.
The standard strategy to overcome this is not to compute the number directly but to compute it modulo
some other numbers, using either the Chinese remainder theorem (CRT) or a variation of Newton-Hensel
lifting. Often, the final step of these algorithms is combined with reconstruction methods such as rational
reconstruction to convert the integral result into the rational solution. Here, we present reconstruction
methods over number fields with a fast and simple vector-reconstruction algorithm.

The state of the art method for computing the determinant over integers is due to Storjohann [PS13]].
When generalizing his method over number field, we encountered the problem that modules generated
by the rows of a matrix over number fields are in general not free, thus Strojohann’s method cannot
be used directly. Therefore, we have used the theory of pseudo-matrices (in [[Coh96]) to overcome this
problem. As a sub-problem of this application, we generalized a unimodular certification method for
pseudo-matrices: similar to the integer case, we check whether the determinant of the given pseudo
matrix is a unit by testing the integrality of the corresponding dual module using higher-order lifting.

One of the main algorithms in linear algebra is the Dixon solver for linear system solving due to
Dixon [Dix82]. Traditionally this algorithm is used only for square systems having a unique solution.
Here we generalized Dixon algorithm for non-square linear system solving. As the solution is not
unique, we have used a basis of the kernel to normalize the solution. The implementation is accompanied
by a fast kernel computation algorithm that also extends to compute the reduced-row-echelon form of a
matrix over integers and number fields.

The fast implementations for computing the characteristic polynomial and minimal polynomial over
number fields use the CRT-based modular approach. Finally, we extended Storjohann’s determinant
computation algorithm over polynomial ring over finite fields, with its sub-algorithms for reconstruc-
tions and unimodular certification. In this case, we face the problem of intermediate degree swell. To
avoid this phenomenon, we used higher-order lifting techniques in the unimodular certification algo-
rithm. We have successfully used the half-gcd approach to optimize the rational polynomial reconstruc-
tion.

Keywords: determinant, kernel, non square linear system solving, unimodular certification, charac-
teristic polynomial, minimal polynomial, reconstructions, number fields
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Abbreviations, Symbols and Nomenclature

In this thesis, we have denoted the integers, rational numbers, the real numbers and the complex
numbers respectively by Z, Q,R and C. Most often, we denote number fields by K, finite fields by F
and, all the fields in general by F. The maximal order of the number field K is denoted by O.

For a ring R and two integers m, n € Zs, the set of all n X m matrices over R is denoted by R™™. A
matrix A € R™"" can be represented with respect to its entries as A = [a;;] i forl <i<n,1<j<m,
where a;; is the matrix entry of i-th row and j-th column. By O,x,, we denote the zero-matrix in R,
and I,, denotes the identity matrix in R™". A diagonal matrix A = [a; j]i,j € R™" with g; j = 0 for all
i, jwith i # j is denoted by diag(aj 1,a22, - ..,an,). The determinant of any square matrix A is denoted
by det(A). The transpose matrix of A is given by A’. Given two matrices A € R™ and b € R™" the
concatenation of the two matrices is given by [A b].

la| denotes the absolute value of a € Zora € C. If A € Z"" or A € C™™, the largest absolute
value of matrix entries is denoted by [|All,, = max;;|A;j|. Let [|all, denote the largest absolute value of
coefficients of @ € K. If A € K™ the largest absolute value of coefficients of the matrix entries of A is
denoted by [|Al,-

For two integers a, b € Z, by a L b we denotes that two integers are relatively prime.

Let a be an ideal of O. A basis of a is given as {ay,...,ay) for some ay,...,a; € O and d is the
degree of K. The norm of a is denoted by norm(a) or N(a). For v € R" or Z", the Euclidean norm of v is
given by |[v]|.

To simplify the presentations of complexity results, we use soft-Oh notation O~: for functions
f,g:Rsp —» R.p we have f € O~ (g) if and only if there exists k € Z.( such that f € O(g(log(g))k).



Introduction

Linear algebra is central to almost all areas of mathematics. Group theory, in particular representa-
tions of finite groups is based on linear algebra. Moreover, almost all structural computations involving
number fields and their rings and ideals are rooted in linear algebra. In this thesis, we present fast
and practical algorithms for problems such as determinant computation, linear system solving, charac-
teristic polynomial computation over number fields and polynomial rings. All the computations and
experiments are carried out using the Hecke software package in Julia [FHHJ17].

The first chapter starts with an overview of modular algorithms in general. We address the problem
of intermediate coefficient swell. Specially, this computational phenomenon occurs with problems in
linear algebra and polynomial arithmetic that compute over rational numbers or finitely generated fields.
To overcome this, in particular for the rationals and integers, the standard strategy is not to compute
the number directly but to compute it modulo some other number M. This can be done using either the
Chinese remainder theorem (CRT) (M = pp; - - - pny) or a variation of Newton-Hensel lifting (M = p™).
Modular algorithms are frequently combined with rational or vector reconstruction methods to convert
an integral result into a rational solution. We present reconstruction methods over number fields with a
fast and simple vector-reconstruction algorithm using algebraic-denominator reconstruction method.

We present the major work of this research project in Chapter 2: discovering a fast, practical and
deterministic algorithm for computing the determinant of matrices over number fields. We start with
Abbott’s and Mulders’ [ABM99] approach for determinant computation. Currently the fastest algo-
rithm for determinant computation over the integers is due to Storjohann [PS13]. His approach can be
interpreted by the modules spanned by the rows of the matrices. Given a square matrix A, the corre-
sponding module is enlarged through the addition of random elements, and each such step gives a factor
of the determinant. This is done by computing divisors of the determinant using denominators of the
solutions of linear systems Ax = b over the rationals for a randomly chosen vectors b. In the final step,
one needs to verify that the module is trivial, i.e. the basis matrix has determinant one. Storjohan calls
this “unimodularity certification”. The idea is that the module is trivial precisely if the matrix has an
integral inverse. When generalizing the method over number rings, we encounter the problem that the
denominator is an ideal and it is no longer a unique number which can be used to compute the deter-
minant and number rings are not Euclidean domains. Moreover, modules generated by the rows of a
matrix over number fields are in general not free, thus Strojohann’s method cannot be used directly.
Therefore, we use the theory of pseudo-matrices to overcome this problem. However, we could not use
his approach for verifying the determinant, as it was slow in our case. Therefore, we used a different
approach and obtained better run times.

Chapter 3 generalizes the problem of unimodular certification to number fields. However, due to
the use of pseudo-bases, the approach in [PS12] does not carry over to matrices over number fields
directly; here, we need the dual-module to be integral as well. The dual-module, in the pseudo-setting,
is given by the inverse of the matrix and the inverses of ideals. In the algorithm we use higher-order
lifting methods to obtain better complexity as in the integer case. The chapter ends with an outline of an
approach, to obtain competitive run times using representations for algebraic integers that are similar to
redundant number systems.

In Chapter 4, we use a modified version of the Dixon algorithm [Dix82] to address two classical
problems in linear algebra: non-square linear system solving and matrix kernel computation. We present
a deterministic algorithm for solving a non-square linear system over any fields. As the solution is
not unique, we use a basis of the kernel to normalize the solution. That is, the implementation is
accompanied by a fast algorithm to compute the kernel of a matrix of any size. We can extend this
algorithm to compute the reduced row echelon form of a matrix using a lifting technique.

X1



We discuss the problem of computing the characteristic polynomial and minimal polynomial of
matrices over number fields in Chapter 5. First, we compute bounds for coeflicients of the minimal
polynomial and characteristic polynomial using GerSgorin theorem and bounds for the determinants of
complex matrices. The existing algorithms can be optimized using a CRT-based modular approach.
The existing minimal polynomial implementation in Hecke, which uses the Krylov method is slower
than the division-free characteristic polynomial implementation. We present an additional method to
compute the minimal polynomial computation using the characteristic polynomial algorithm, in the
time of matrix multiplication.

The goal of Chapter 6 is to extend the above mentioned Strojohann’s determinant computation
algorithm over polynomial ring over finite fields. We have addressed the required sub-algorithms such
as solving linear system, reconstructing rational polynomials and certifying unimodularity. To develop
an optimized reconstruction method, we have used successfully the half-gcd approach. Interestingly, we
were able to use higher-order lifting techniques to avoid intermediate degree explosion in the unimodular
certification algorithm.

Xii



Chapter 1

Modular Algorithms

1.1 Introduction to Modular Algorithms

Many algorithms in linear algebra and polynomial arithmetic that compute over rational numbers,
number fields or other finitely generated fields face the problem called the intermediate coefficient swell.
For example, in polynomial greatest common divisor computation, there can be huge intermediate re-
sults but small outputs. The other problem is the growth in bit-length of numbers in the output compared
to those in the input. In the determinant computation of a matrix A € Z™", Hadamard’s bound guaran-
tee that the bit-length of the determinant can only be up to n times that of entries in the input matrix.
However, we have examples with intermediate results that are much large. When we are working with
matrices over number fields, these computational phenomenons would occur the same. To overcome
this, the standard strategy is to use modular methods.

A modular method is a more indirect way of computing: instead of solving a problem directly in a
ring R, we do most of the work in one or more quotient rings R/i, R/i, ... for some ideals iy, i», ... and
then reconstruct the answer back in R. Many algebraic computation problems over a Euclidean domain
R can be solved modulo one or several primes. There are three variants:

e Big prime (m = p for a prime p).
e Small primes using CRT (m = p; - - - p, for pairwise distinct primes pj, ..., p, and r € Z).
e Prime power modular algorithms using Hensel/ Newton lifting (m = p” for a prime p and r € Z)

The first one is conceptually the simplest. If m is chosen large enough the method will find the
correct result. Since working with numbers as large as m is still expensive, this strategy has been refined
in other two variants, which are computationally superior.

In each case, three technical problems have to be addressed:

e Proof of correctness or a bound on the solution: i.e. Hadamard’s bound.
e How to find a good moduli: CRT or lifting algorithms (i.e Dixon’s algorithm.)

e How to reconstruct the solution from modular output: rational reconstruction.

1.2 Modular Algorithms for Matrices over Z and C

In this section, we discuss some essential information that we need for modular algorithms over
integers (or R, C). Our primary goal is to develop methods for solving classical problems coming from
linear algebra.



2 CHAPTER 1. MODULAR ALGORITHMS

1.2.1 Chinese Remainder Theorem

In CRT based modular method, one compute result modulo many small prime numbers such that
the product of primes is large enough. Then, it combine the smaller results into big one. This method
works as long as the results are unique enough to allow combinations, one has enough primes and one
either has a bound on solution or a way to verify the result.

Theorem 1.2.1 (Chinese Remainder Theorem). Let pi, po, ..., px be a sequence of pairwise coprime
integers, and by, by, ...,b; be another sequence of integers. Then the system of simultaneous linear
congruence equations

x=by (mod p;), x=b, (mod py), ...x=b; (mod p;)

has an infinite number of solutions x € Z which form a unique congruence class [X]p,p,..p, €
Z[p\p2...px where [x], ={y € Z :y = x (mod p)}.

In practice, there are two variants of CRT:

e CRT-iterative: given moduli py, po, ..., pr a plain iteration is performed. First applying CRT to
compute the moduli p = pip1, then p = pp3 and so on. This method allows for early stopping of
an iteration, considering the correctness of modular results.

o CRT-tree: this strategy is asymptotically faster than the iterative method. First, it computes moduli
P1DP2, P3P4, - - - Pk—1 Pk, then it continue as a tree, combining two pairs at once. This method
requires modular images of all the primes as input.

1.2.2 P-adic Lifting

For the classical problem of computing the exact rational solution of a linear system, the modular
lifting methods can decrease the bit-complexity beyond the Chinese remainder approach. Efficient
algorithms for linear system solving are based on p-adic lifting: i.e. Dixon’s algorithm.

Dixon’s Algorithm

This is a p-adic Hensel lifting method for solving system of linear equations, which can accelerate
the bit complexity beyond the CRT approach. Given a square linear system Ax = b with a prime p
such that p ¢ det(A), Dixon’s method computes X, such that Ax = b (mod p™) for a given precision m.
There are two phases of the algorithm. First, the inverse C = A™! (mod p) is computed with complexity
O(n?). The second step computes a p-adic approximation X with O(mn? log n) integer operations for m
iterations. Starting from by = b, DixonSolver iterates x; = Cb; (mod p) and by = p‘l(b,- — Ax;)

fori = 0,...,m, and obtains X = Z’.’Z)l x;p'. Dixon’s algorithm is efficient in practice with the total
complexity of O~(n?) ([Dix82]).

14
Bounds on Solutions

Hadamard’s inequality provides a bound on the determinant of a matrix over complex numbers in
terms of the length of its column vectors. Let d be the determinant of the square matrix A € C™".
Hadamard’s inequality says:

H = ]—[ Al > |d| (1.2.1)
i=1
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where |d| is the absolute value of d and ||A;|| represents the Euclidean length of the vector A;, whose
coordinates are given by the i-th column (or row) of the matrix A (refer [JH85]). Hadamard’s bound is
sharp for random matrices, but not for special matrices such as huge unimodular matrices (See [ABM99,
Section 3], [AMO1]).

By the Cramer’s rule, we have that the denominator and numerators of the solution of the system
Ax = b is bounded by [|B|| TT™_, l|A;ll.

1.2.3 Rational Reconstruction

Often the final step of these modular algorithms is combined with reconstruction methods, such as
rational reconstruction or continued fraction to convert the modular result into the rational solution. As
modular reduction discards some of the information, additional information such as the size or nature
of the true result is required, and this necessary and complementary information has to be deduced from
the original inputs.

Reconstruction of Integers from Modular Results (from Z/m to Z)

Determine a bound B for the absolute value of the true answer using theoretical results. Then,
conduct modular computations sufficient to achieve a precision of at least B.

e.g. Hadamard’s bound gives us log|det(A)| < nlogn/2 + nlog|lAlls, Where ||All, = max;;|A;jl.
Hence, the bit-length of the product of primes required by a modular method to ensure the correctness
of the determinant is O(n(log n + log ||Alls))-

Reconstruction of Rationals from Modular Results (from Z/m to Q)

We compute a shortest vector (x, y) of the lattice A = ((m, 0), (r, 1)) C 72 to reconstruct 5 € Q from
the modular result r € Z/m. If m is large enough we get § = 7, under some conditions on prime divisors
of m. An error tolerant algorithm which will reconstruct the correct result even in the presence of bad
primes has been introduced in [BDFP13]] with the bit-complexity of O(log> m). This strategy is slow in
Q, but has successfully been used in algebraic reconstruction: Section[I.3.4]

We can use the lattice basis reduction L?-algorithm of Nguyen and Stehlé, which is a variant of
LLL-algorithm in [LLL82] to obtain a quadratic complexity [NS09]: Given an integer d-dimensional
lattice basis with vectors of Euclidean norm less than B in an n-dimensional space, the L? algorithm
returns a reduced basis in O(d>n(d + log(B)) log(B) - M(d)) bit operations, where M(d) denotes the time
required to multiply d-bit integers.

1.2.4 Vector Reconstruction

For the final step of Dixon’s algorithm, we can extend rational reconstruction to a vector reconstruc-
tion algorithm. Many algorithms in linear algebra use vector reconstruction methods which computes
the common denominator and numerators of the entries of the solution vectors from their modular im-
ages. The cost of modular algorithm depends on the bit length of the modulus m, and the existence of
a common denominator. By Cramer’s rule we can see that there exists a common denominator in our
case. In our applications we use vector reconstruction algorithms which requires about half the size of
the bit length of m. In other words, half as many modular image computations as the standard approach
which does elementwise rational reconstruction. In this regards, most of the work has been done by A.
Storjohann and C. Bright in [BS11]].
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Vector rational reconstruction methods takes as input a vector a = (ay,...,a,) € Z" of the images
modulo m, and compute a pair (£,n) € (Z X Z") such that a; = n; (mod m), fori = 1,...,n and
[I[¢1n]ll < N. Here N is the given upper bound for the Euclidean norm of [|[£| ]||.

The problem of solving the vector reconstruction problem is equivalent to finding short vectors of
the lattice M.

0 0 0 m
0 0 m 0
M=]: oL : :
O m --- 0 0
I ay - a1 ay

Storjohann and Bright in [BS11] use lattice reduction to compute a "generating set" as G = [{;|n;], <jsc
such that every solution [£| n] of the vector reconstruction problem is a Z-linear combination of G. Here,
c is the size of the generating set of the solution as explained in [BS11, Section 4] (assuming ¢ € O(1)).
Instead of applying the lattice reduction directly to the lattice M, in [BS11]] they use an iterative ap-
proach to keep the row dimension bounded by ¢ + 1 in the working lattice. They add columns of M
one by one, and after the reduction they remove rows of the lattice whose norms are larger than N (See
[BS11, Algorithm 3]). The basic idea of the algorithm can be explained as follows:

First, the lower-left 2 x 2 submatrix of M is reduced. [0 m} L) [bl b2]

1 aj| LLL |b3 by
Then the basis of the lower-left 2 X 3 matrix is obtained, using the same unimodular transformation

) 0 |B
T1 as: T1 [az] = [32}

In the next step, a row is added to have the 3 x 3 lower-left submatrix of M, and reduced basis is
computed.

0 0 m c1 ¢ C3
2

b1 by By|—=|cs c¢5 cg
L

b3 b4 Bz c7 €Cg C9

Now, if it happens that the final vector [c7, cg, c9] in the Gram-Schmidt orthogonalization of this
basis has norm larger than N, then we can discard the last row due to [vHN10, Lemma 2]. We can
repeat the same process for all the columns of matrix M to find short vectors.

The cost of the vector reconstruction algorithm in [BS11]] is O(n(log m)?) bit operations for a vector
of size n, using L? algorithm with quadratic complexity [NS09]. While elementwise rational recon-
struction requires m > 2N with N > f the magnitude of the common denominator and numerators,
the vector reconstruction algorithm requires only that m > 2(¢*D/2N1+1/¢ with N > vn + 18 in order to
succeed. However, this method is not fast in practice, due to the number of calls for L? algorithm.

1.3 Computing in Algebraic Number Fields

We begin this section with an introduction of algebraic number fields and their basic properties,
which can be found in any book containing foundations of algebraic number theory, for example
[Neu99] and [Lan94]. Then, we discuss variants of some algebraic reconstruction methods and a mod-
ified version of the vector reconstruction to use in our modular approach for linear system solving.
Finally, we provide a computational model for number field arithmetic to be used in complexity anlysis
of our algorithms.
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1.3.1 Basics of Number Fields

A number field K is an finite extension of Q. We have K = Q[a] ~ Q[x]/f(x), for some monic and
integral polynomial f with the primitive element @. The degree [K : Q] of the field extension is called
degree of the number field K. Since Q is a field of characteristic zero, a number field of degree d admits
d embeddings as into C. Also, K can be considered as a Q-vector space with a basis wy, . .., wg. For all
B € K we have amap ¢g : K — K : x = Bx which is Q-linear, hence we have that Rg € Q™" such that

Blwi,...,wg) = (w1,...,ws)Rg.

Rp is called representation matrix (or (right) regular representation) of 5. We define the norm and trace
of § as norm(B) = N(B) = det(Rp) and trace(B) = trace(Rp) respectively. The maximal order or ring of
integers of K is denoted by O, is the integral closure of Z in K. The discriminant Ak of the number field
K is defined to be det (((trace(w;w J))i,j)’ for any Z-basis of O

A fractional ideal d < K is finitely generated O-sub-module of K. For some nonzero r € O we have
rd < O, and the intuition is that r clears the denominators in d. The minimal positive integer r with
this property is defined to be the denominator of d. O is a Dedekind domain, therefore ideals can be
uniquely factorized.

Theorem/ Definition 1.3.1. The set ¥ of fractional ideals forms a group with identity O. The product
of two ideals a,b < F is the O-module generated by the set {af|a € a,B € b}, and inverse of a is given
bya !l ={a e K|aa CO).

Given a non-zero ideal a < O, the unique positive integer m € Zso with (m) = Z N a is called the
minimum of a and denoted by min(a). Also, we have that min(a) = min{a € Z-¢|a € a}.

We can apply modular methods to solve problems in any order of K, with a canonical epimorphism
for a suitable ideal a: ¢ : O — O/a. Instead of looking for a solution @ € O, we look at the simpler
problem in O/a. Since, O is residually finite, the quotient O/a is finite for all ideals a <« O. The norm of
the ideal a is |Q/q|, and denoted it by N(a). Norm is multiplicative.

1.3.2 Lattices as Tools for Algebraic Reconstruction Methods

In reconstructing solutions from their modular images, we use lattice based techniques. Lattices
(denoted by Az and Ag) considered in this section are subsets of R? and are equipped with the usual
scalar product (Euclidean norm ||.||) as length. We fix the basis wy, ..., w,y for O as a Z-module. Given
the primitive element « for K, f(x) = [](x — a®). Fori = 1,...,d the conjugates &'’ of @ are ordered
as usual with d embeddings:

OV:K—>C (1.3.1)
where oD, 0@, ... o) € R, @"1*D = ql+n+D)  o(n+12) = g(n+r+r) ¢ C\R where (r1, r7) is the

signature of K, and r| + 2r, = d. We define two isomorphisms on R? := Ag and Z¢ := Az:
Sg: 0 > R?
x (D, a0 VRRGOED), L V2R, V2I (D), L V2T (1)),

d
5210—>Zd = AZ:x=le-w,~l—>(x1,...,xd).
i=1
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Note that the map 67 depends on the basis of O, while g is canonical. Now, we can define two different
measures on the same order O by applying the scalar products to the image of 6z(-) and dr(-) respectively.
We use the Euclidean norm to define ||x||> := Zf xl.z which measures the size of the coeflicients of x,

represented as a linear combination of wy,...,w; as x = Zf’zl xjw; € O. Also, we define the norm
maximum coefficient of x as ||xll, = max{|x,...,|xsl} to be used in cost analysis (see Section

Definition[I.3.21). Working with the lattice Az has the advantage that it allows operations with integers
only. But, the required bounds on solutions can only be obtained using conjugates.

T>-Norm

We define the Th-norm of x as T»(x) := [|6g(X)||> = ;1:1 |x(")|2 (see [FF00Q, Section 3]). Since we
have two different norms || - || and /T, on the same finite dimensional space, they are equivalent to each
other up to constants. This allows the 75-norm to give a bound on the coefficients using bounds on the
conjugates. Fieker in [[FFQ0, Section 4] explains how to compute norm change constants (c1,c2) € Rio
such that for all x = ¥¢ | Xiw; € O,

i=
d d

Tg(x)Scl-inz and Zx?s@-n(x) (1.3.2)

i i
Throughout this paper, we fix the notation (cy, ¢3) for the norm change constants.

Lemma 1.3.2. T,- norm is sub-multiplicative.

Proof. Consider x,y € O, where T»(x) = Zle Ix(")l2 and Th(y) = Zle Iy(")l2 with their conjugates x, y®
for 1 <i < d. Then the following holds:
d d. d . do
D) - T0) = (S KO- (-0 = DO + other terms > " Py = T5(xy)

i=1 i=1 i=1 i=1

O
Moreover we have inequalities,
VTa(@) < Vdmax{le?]:1<i<d), and max{le?|:1<i<d}< \JTaa) (1.3.3)

Bounds on Lattice Elements

Let us denote the sublattice of Az as Az(a), which corresponds to the ideal a as a submodule of the
ring O from the isomorphism §z:

6Z:O—>AZ
ta Az(a)

Let 11 (Az(a)) be the square of the length of a shortest non-zero element in the sublattice Az(a) (1;(Az(a))
is called the 1-st successive minimum of Az(a)). For applications, we need a way to estimate A;(Az(a))
in terms of the norm N(a) of the ideal a ([FFOO, Lemma 5]).

Lemma 1.3.3. For 1;(Az(a)) of A(a) the following lower bound holds:

M(Aa@) = CN@?
1
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Proof. A1(Az(a)) = minzeq\o) llzll* > mingeq\0) T2(2)/c1 = A1(Ar(a))/c1 > dN(a)*¢/c;. The last state-
ment is due to A;(Ar(a)) = mingeq oy 72(2) and arithmetic and geometric mean of z:

d

ll/d > ([ [P = (N@) = (N(@)*,  since N@IN(). (13.4)
i=1

O

Fundamental Domain
Definition 1.3.4. Let A be a lattice in R with basis by, . .. by € Z°.

1. The fundamental domain (centered) associated to the basis is defined by § := { Z?: | Libi € Re|t; €

[-1/2,1/2)}.

2. Let B(0,r) be the open ball of radius r, centered at 0. The radius of the largest ball inscribed in
the closure of § is rmax := sup{r € R*|B(0,r) C &}.

3. A measure of the orthogonality of the basis is given by the orthogonality defect: OD(by,...,b,) =
]_[;?:1 16ill/d(N), where d(A) is the lattice determinant. Let M = [by|- - - |bg] be the d X d matrix

with the basis as columns. The lattice determinant is defined as d(A) := V| det(M'M))|.

Due to Lenstra [Len82, Lemma 1], we have the following lemma.

Lemma 1.3.5. The fundamental domain & contains a d-dimensional ball B(0, r) with 2r > min; ||b;||/OD,
and all the non-zero vectors x € A have length ||x|| = min, ||b;||/OD.

We can perform Gram-Schmidt orthogonalisation for the basis of A and obtain an orthogonal basis
bY,...,b}. We have d(A) = det(blb;) = det(7)? det((bl’.")’b;‘) = Hl‘.lzl ||bl?"||2, for some T € GL(n, Q)
where (b%, ..., b:i‘) = (b1,...,by)T and det(T) = 1 (refer [Coh13l Prop 2.5.4]). Hence, we can reinter-
pret the inequality in Lemma[I.3.5|by replacing OD as:

r >1min||b-||><li[M (1.3.5)
max = NP Dy "

The size of OD can be bounded from above by a constant that depends on the dimension of the lattice
and the quality ratio of the basis reduction algorithm. Let 6 € ( }P 1] denote the quality ratio. It is used
to check the Lovasz condition: B; > (6 — ul.zl._ )Bi-1. The original LLL basis reduction algorithm uses
6 = 3/4 ([LLL82], [Cohl3l Section 2.6]). Take y(0) = (6 — 1/4)~1 > 4/3. Suppose that the basis
by, ...,bg of the lattice A is LLL-reduced with quality ratio 6. From the properties of LLL reduced
basis, ([Coh13l Theorem 2.6.2] and [Len82, Theorem 1]), Lenstra obtains the upper bound for OD:

1 <OD(by,...,by) < (@)D, (1.3.6)
and a lower bound for ryax: )
Fmax %. (1.3.7)
The given bound for the rp,x can be sharpened using Belabas’ bound in [Bel04, Prop 3.10]:
[151]] (1.3.8)

rmax 2 R
2B Vy(©)/2)*!

When the lattice dimension increases, (1.3.8)) provides a better bound than (1.3.7) does. We can reinter-
pret the Lemma [[.3.5]for all the non-zero vectors x € A, and get a bound on 1;(Az) as follows:
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Lemma 1.3.6. Suppose by, ..., by be the LLL reduced basis of the lattice Az with quality ratio 6. Then
it holds that,

b 2
M(dg) = min > —__
xeA/(0) Oy(©O)/4y"!

This is straightforward from (1.3.8)), since minyea /g0 [Ixll > 2rmax. We extend this idea to a lattice

corresponding to an ideal a <O to get a bound on the norm N(a).

Lemma 1.3.7. Suppose by,...,bs be the LLL reduced basis of the lattice Az(a) with quality ratio 6.
Then, following bound holds for N(a).

dN(a)*?
c1(9y(0)/4)*!
Proof. Apply the arithmetic mean- geometric mean inequality (I.3.4) for b; € a/{0} in Lemma [1.3.6]
with ¢ from (T32): 1b11P> > Ta(by)/cr. ie. Taby)/d = (TTL, B4 = (N(B1))*? = (N(2)> (since
N(@)IN(D1)). o

A1(Az(a)) >

This is a reinterpretation of the bound given in Lemma|1.3.3] for a reduced basis. When we use
ideals of the form p* for a fixed prime ideal p, Lemma and allows us to compute some k
such that A;(Az(p%)) > B for a given bound B. Even though this method has the advantage of staying
in purely integral computations, we get worse bounds (k is too large in general). We can use the ideas
suggested in [[FF0O0, Section 7] to overcome this problem in practice, i.e. computing modular images of

ok, increasing k until it stabilizes.

1.3.3 Reconstruction of Algebraic Numbers from Modular Images

In order to solve the algebraic reconstruction problem (without denominators), the following obser-
vation (Lemma [I.3.8) by Lenstra is used (refer [Len82| Section 2] and [Bel04, Lemma 3.7]).

Lemma 1.3.8. Let A C R? be a lattice with §, rmax and matrix M defind as in Section Forxe R4
there exists at most one y € R? such that x = y (mod A) and |y| < rmax. Then, the unique element y € ¥
is given by y = x — M[M_lx-‘.

Problem: Given 8 € O, ¢ € R" and an ideal a C O, compute a € O, such that @ — 8 € a and
Tr(a) < c.

We can reconstruct o from S (mod a), provided that the ideal a is large enough with respect to
the bound on @. This algebraic number reconstruction method is due to Fieker and Friedrichs [FF0O0,
Section 4]. He extends Lemma over the ring O, using Z-isomorphism 6%1 : Az — O and Lenstra’s
bound on rpax (1.3.7) with quality ratio = 3/4. Refer [FF0O0, Theorem 1].

We can reconstruct o from 8 (mod a), provided that the ideal a is large enough with respect to
the bound on @. This algebraic number reconstruction method is due to Fieker and Friedrichs [FF0O0,
Section 4].

Theorem 1.3.9. Let a be an ideal such that the norm of a satisfies

(01620 2d(d-1)/2+1 )d/2

N(a) > 7

for some c € R, and let by, ...,b; be a LLL-reduced basis of the lattice Az(a). Let B € O be arbitrary
and 8 = Z?zl qiéil(b,-) with some q; € Q. If there is an « € B + a such that Tr(a) <c, thena = -1,
where 1 := Zl‘.l:l A 6;(27,').
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dj2
Proof- Let N(a) > ((c1cac24@-1/22) /) 2 Lemma|1.3.3] yields that A;(Az(a)) > (cpc2d@-D/242),
We have rmpax > (VA (Az(0)))/(2 x 24@=D72) " due to A;(Az(a)) = min; ||b;]|> and y(3/4) = 2. Hence,
r2.. > cac. Now by Lemma there exists a unique element @ = 8 — Zl‘.l:l Lgil 5il(b,~), given that

max

larl] < +fcac. o

Belabas extens the Lemma over the ring O using Z-isomorphism 6; : Az — O and the bound
on N(a) is sharpened using the bound (I.3.8)) on rmax ([BelO4, Lemma 3.12]). Hence, we can reinterpret
the Theorem as follows:

Theorem 1.3.10. Let by,...,by be a LLL-reduced basis of the lattice Ar(a) with respect to Tr-norm
and quality ratio 0. Let B € O be arbitrary and B = Z?:] q;éil(bi) with some q; € Q. If there is an
a € B+ asuch that Tr(a) < ¢, then @ = 3 — Zle Lgi] 6;(!;,-), provided that

N(a) = (2e/d - GO/ Y.

Proof. We take the bound (1.3.8) on ryax for the lattice Ag(a). Then, ||bi|| = VT2(b;) and equation
(T.3.4) can be applied directly to obtain the result. o

In his paper Belabas uses a prime ideal p and he increases the precision k of the ideal a = p* until
Fmax satisfies 72, > cjc. In practice, both Fieker and Belabas have chosen the lattice Az to stay with
purely integral computations while reconstructing a. As explained in Lemma|l.3.3| one can find a lower
bound for the lengths of vectors in the lattice Az(a) (which is not reduced). That is, given c the ideal

a must satisfy 4;(Az(a)) > (d/cy) - N(a)*/¢ > 4c to reconstruct @ such that ||a‘|2 < ¢ holds. Hence,
we get N(a) > (2 \/clc/d)d and, we can see this is the bound in Theorems [1.3.10| without the y(6) term
coming from the LLL reduction. Pohst [Poh05, Lemma 2.2] has used the bound N(p*) > (2 \/c/_d)d
to reconstruct @, given that T»(e) < c¢. He enumerates short vectors in congruence class modulo p¥,
using smaller k. Even though, enumeration uses comparatively smaller bounds, it is exponential in the
runtime. The usage of the lattice Agr with conjugates, makes it numericaly unstable, and difficult to
analize with errors.

In our implementation we use a reduced basis. Since the reduced basis is as orthogonal as possible,
it contains a ball with the maximum radius. Therefore we can obtain the required ideal a with in few
steps. Enlarging the ideal by multiplying with integers would preserve the maximality of the inscribed
ball.

Example 1.3.11. Let K = Q(a) = Q(x)/x* + 1, then the maximal order of K is: O = (1, a). We define
the isomorphism § : O + A = Z2. Given 8 = =52 and ideal a = (130, 8 — 14a), we reconstruct a such

that a — B € a with bound ||| < ¢ = 7.5 on the coefficients of a. We have the ideal a large enough as
the Theorem|1.3.9| suggested: T»(a) < 7.5¢, and N(a) = 130 > 15¢3c; = 30 (for (c1,¢2) = (2.0,0.50)
computed using Hecke).

LLL-reduced basis matrix of ais: [_14 -8 }

8 -14

Hence, LLL basis for the sub-lattice A(a) is (b1 = (8,—14), by = (—14,-8)), and
a: (57'(by) = 8 — 14a, 67\(by) = —14 - 8a).

Then B can be written in terms of by and by as: f = —52 = —gd_l(bl) + 15—45_1(b2).
by rounding coefficients: n = =26~ (by) + 367" (b2) = —58 + 4a.
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Now, a can be reconstructed: o« = B —n =
6—4a, as explained in the figure. Since we have
chosen the fundamental domain large enough,
a is the unique point which satisfies the boun-
day condition.

1.3.4 Reconstruction with Denominators

Here we will extend the reconstruction method to non-integral algebraic numbers. For example, in
linear system solving using modular methods, we require a method for reconstructing solutions which

are not contained in the equation order. We fix the basis wj,...,wy for the ring O. The ideal a can
be represented as a Z-module in the ring O: (ay,az,...,aq) = (w1,...,wy)B', where B € 74%d is the
transformation matrix. The columns B, B,, ..., B; form a basis of the sub-lattice Az(a). We define the

map 7, which extend the lattice Az(a):
1:78 57 (@, z) e (0,2, 20)

Problem: Given 8 € O, ¢ € R* and an ideal a C O, find @ € O and ¢ € N, such that {8 — « € q,
lall* <c, ® <cand € ¢ a.

Theorem 1.3.12. Suppose A1(Az(a)) > 16¢2. The lattice Az is extended to a new lattice A and

@) := (t(Az(0), (1,1, B, - Ba)')
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where 3 = 2?:1 Biw;. Then, a shortest vector of the lattice A(a) is given by:
O, aq,...,a9)+£(1,0,...,0),
where o = Zle ;w;.

This is due to [FFO0, Theorem 2], and also it contains purely integral computations as before. In
order to create the new lattice A(a), we can use a LLL-reduced basis of Az(a) with the extension map 7.
The general case is explained in the next section.

Example 1.3.13. Consider the same ideal a = (130, —14a + 8) in the Example|l.3.11| Given3 = 5+7a,

130 0O

we reconstruct af/€ = S (mod a). The basis matrix of a is B = [ ] Consider the basis matrix

36 2

1 5 7

corresponding to the lattice A(a): M = [ ! ‘ b1 |ﬁ2]] =10 130 0
Oaa | B ]| | 36 2

The LLL-reduced basis of A(a) is given by: L = LLL(M) = 2 4 6
15 7

Therefore, we have numerator « = —2a, denominator { = 4, and a/€ = —a /2.

1.3.5 Reconstruction with Algebraic Denominators

For an algebraic number ¢, consider the representation of 1/¢, using the previous reconstruction in
Section[I.3.4] There, we get an integer denominator (in general the norm of ), and 1/¢ is reconstructed
as @/N(), for some @ € K. The norm N(¢) = [, ¢¥ and @ = N(£)/¢ which are approximately
n-times as large as ¢ (See Proposition [I.3.26). This implies that the number of primes required for the
reconstruction with integer denominators is n-times more than that is required for the reconstruction
with algebraic denominators. Given 8 € O and an ideal a, here we reconstruct an algebraic numerator
a and algebraic denominator ¢ for S (mod a). The method is similar to the previous method with an
extended lattice A’(a). Let M, be the basis matrix, corresponding to the ideal a (similar to the column
matrix B above). We define the lattice extension ¢:

27 (1, z) P (0,,0,24415 -5 224)-

Let I; be the d X d identity matrix and O,x,, be the n X m zero matrix over Z. Take Rg to be the
representation matrix of 8. Then, we can construct the extended lattice:

A'(@) = {(Ouxa | MY). (I | RY)).

Consider the Z-isomorphism: § : 0? — A% := Z%¢, by extending the 7 isomorphism to pairs
(For a = (a,B) € 0%, 8(a) = (6z(@),6z(B)). Then, it holds that A’(a) C A2. Let Q' be the quadratic
form associated to O?, which is achieved by applying the scalar product to the image of . If we have
a = (a, B) € 0%, the quadratic form gives @’ (a) = |lall* + ||8]1*.

Problem: Find «/¢ with @, ¢ € O. Given 8 € O such that {8 — @ € a and bounds: ||e|* < ¢ and
I < c.

Lemma 1.3.14. Suppose the first successive minimum A1(Az(a)) is greater than 4czc§B2 for some B €
Z-0, then there exists at most one short vector v € A'(a) such that Q' (6~ (v)) < B.
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Proof. Suppose vi,v; € A'(a) with Q' (67" (1)), Q"(6 ' (v2)) < B. Fori = 1,2, take fi,g; € O, such
that f; = Z’f:l fijwjand g; = 24:1 gijwj, where wi,...wy is the Z-basis of O. (The elements v; are
of the form v; = [fi ... fiallla Rg] +[gi1---8i.allOaxa ‘ M']. This can be obtained from the first
row of the matrix: [Rg][ly ‘ R’ﬁ] + [Rg;1[Ouxa ‘ M'], where R 1 and Ry, are representation matrices of
fi»gi). Then, we have 6~ '(v;) = (f,, f;8 + a;) for some a; = g;a;, where a;,a; € a. Let fi + a; = ;. The
bound on 6! (v;) follows from ||f,-||2 < B and ||cyl-||2 < B. Consider the element 7: 7 = f> - 5 (vy) -

fi - 67 ') = (0, frai — fiax) = (0,n). Hence, we have = fra; — fiax: 9z(n) € Az(a), where
6(n) = (z(n) € (Az(a)) € A’(a). Now consider the quadratic form for 7:

Inl* = Q' (ap) = Q' (fo -6 (1) = fi - 6 (w2))
=Q0'(fa-(fi,a1) - fi-(fr,a2)
< Q'(fafi, frr) + Q' (fifa, fin)
= ILAIR + lparll® + AL + I fieal
< c(Ta(fofi) + Ta(foay) + To(f1 o) + To(fiaz))
< co(Ta(f2) - Ta(fi) + Ta(f2) - To(ar) + T2(f1) - Ta(f2) + Ta(f1) - T2(a2))
<22t AP - IAIP + et - IAIP - llarl + ¢ - AR - lleall)

< 462(}%32

(1.3.9)

In the computation above, we have to shift from II.I> norm to T»(.), as ||.||* is not sub-multiplicative.
We apply the Lemma [1.3.2] (Cauchy Schwarz inequality) on quadratic form 7»(.). The (I.3.9) shows
that ||77||2 < 4czc%Bz. We conclude A (Az(a)) > 4czc%Bz, such that = 0 and v = vy.

O

Theorem 1.3.15. Suppose we have 11(Az(a)) > 16020%02, and there exists «, € € O such that {8 — «a € a
and ||a/||2, ||€||2 <c Ift = Z?:o Ciw; and e; is the ith canonical basis onM then the shortest vector of
the lattice N'(a) is v = Z?:l Cie; + 1(0(a)).

Proof. As {5 — a € a there exists a € a such that @ = {8 + a. The tuple (¢, {8 + a) is an element of
6~ 1(A’(a)). Take 6~ ' (v) = (¢, 48 + a) = (£, @). Then, v = Zle Cie; + ((6(a)). Given bounds llall> < ¢ and
l6I1* < ¢, we have Q' (v) = ||€]]* + |la|* < 2c. If we let B = 2¢ (in Lemma|l.3.14)), v must be the shortest
vector in A’(a). O

We use Lemma|[I.3.3]to interpret Theorem[I.3.15]in terms of norm of the ideal a.

Theorem 1.3.16. Let a be an ideal such that N(a) > (16332 [d)""*. Given bounds Tx(a), T>(€) < ¢
and B € O such that {3 — a € o, @ and € can be reconstructed using a shortest vector v of the lattice
N (q) (as described in Theorem .

Proof. Assume that N(a) > (16¢3c3c?/d)""*. Lemma yields that 4;(Az(a)) > 16¢2c3c?. Provided
that T»(17) < ¢ for any n € O, we have ||]> < cac by (T.3.2). Hence, we can replace the T,-norm by
[l - ||2 norm if we let A;(Az(a)) > 16czc%c2. The rest of the proof follows from Theorem|1.3.15 O

Now we suppose the basis of Az(a) is LLL reduced. While we extend above results in to this case,
the bound given in Theorem [I.3.15]|does not change:

Lemma 1.3.17. The reconstructed result in Theorem [[.3.15| does not depend on the basis Az(a) being
reduced.
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Proof. We fix a lattice basis reduction algorithm (e.g. LLL). Let M, be the basis matrix of Az(a)
and L, be the basis matrix corresponding to the reduced basis of Az(a). Consider the two extended
lattices for the two cases: A’(a) = ((Ogxq | M), Iz | R )) and A/ 1(@) = {(Ouxa | L)Y,y | R )). Since,
the reduced basis matrix of (Oyxg | ML) is (Oyxa | L} ) we have that the two lattices A’ (a) and A’(a)
are same. Therefore, we have same properties for reduced bases A/, (@) and A’(a), and we obtain same
bounds. O

We apply the bound improved by Belabas in Lemma [[.3.7]to interpret Theorem [I.3.15]in terms of
the norm of the ideal a.

Theorem 1.3.18. Let a be an ideal such that the basis of Az(a) is LLL reduced with quality ratio 6 and,

. d
N@ > ((deyJeatd) - BA@/2) ) .

Given bounds |||, 141> < ¢ and B € O such that {8 — a € a, @ and € can be reconstructed using a
shortest vector v of the lattice N'(a) (as described in Theorem )

Proof Slmphfylng (dN(a)z/d)/(cl(%/(O) /4 > 16626202 Then Lemmall.3.7]yields that A1 (Az(a)) >
16C2c 2 and Theorem 5/holds due to Lemma O

The bound suggested in Theorem [I.3.18]is larger than the one in Theorem [1.3.16] but it allows us
to use a LLL-reduced basis. Since this basis is as orthogonal as possible we can efficiently enlarge the
lattice Az(a) to obtain the required bound on a.

Example 1.3.19. For a = (130, —14a + 8), we reconstruct 5 + 7Ta (mod a) with algebraic denominator
€ and numerator a. The basis matrix corresponding to the lattice A’ (q) is given by
1 0 5 7
e b
|0axa | B] [o 0 | 130 0
0 0 36 2

J , whre Rg is the representation matrix of j3.

Then the LLL-reduced basis of A'(a) is L = LLL(M) = -3
0 4 2 0

-4 0 0 2

Therefore, we have numerator @ = a + 3 denominator { = —a+2 and {3 — « € a.

--‘

Given a € O and p € Z, a (mod p) reduces the coefficient vector of @ modulo p and returns the
corresponding element. The coeflicient vector of the result will have entries x with 0 < x < p.

Algorithm [I] reconstructs an algebraic denominator and numerator of 8 (mod p), based on LLL
lattice basis reduction algorithm. The algorithm would produce the principal ideal generated by p.
Therefore, the basis matrix would be p - I, and it is already reduced. The same algorithm can be used
for modular reconstruction with respect to an ideal a. Then, the basis matrix p - I, is replaced by some
basis matrix M, of ideal a.
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Algorithm 1 Algebraic Reconstruction (A1gRecon)

Input: a € O, p € Z and basis {wy,...,wy} of O.
Output: « and d such that 7 = a (mod p)

1: R, = representation matrix of a
o -1
y  =1Ydxa | P ld
Iy R,

Compute the LLL reduced basis L of M.
a=3Y%, Liw

t= Zflzl Ly g4iw;

return a, ¢

1.3.6 Vector Reconstruction Methods

Here, we present two vector reconstruction algorithms, which can be used in classical linear algebra
problems such as linear system solving and kernel computation over K. First, we extend the vector ratio-
nal reconstruction algorithm in [BS11]] as a vector algebraic reconstruction algorithm. Then we present
a simple and fast vector reconstruction method which uses the algebraic denominator reconstruction
optimally.

Extension to Bright’s and Storjohann’s method over K

Here, we extend the vector rational reconstruction algorithm of Storjohann and Bright in [BS11]] over
number fields. Given a vector A = (ay,...,a,) € O" and an ideal p (or a integer), vector reconstruction
problem asks for the common denominator £ € O and numerators n € O" such that £a; = n; (mod p)
fori =1,...,n. Let P be the basis matrix of the ideal p (or if it is a number p, P = pl;) and R,, be the
representation matrix of @;. Then any short vector of the lattice M gives a solution for the vector rational
reconstruction problem as explained in the Section [[.2.4] The only difference is that, the removal of
rows and addition of columns happence with the size of d instead of one row (or column) at a time.

0o 0 - 0 P
o o - P 0
M={: = . : :
o r - 0 0
Ii Ryy -+ Ra, R,

We have tested [BS11, Algorithm 3] over number fields. There, we have to apply the expensive
lattice reduction n-times for matrices of size dx with the total cost of O(nd”f%) operations in Q using
L? algorithm. Here, f3 is the size of the coefficients of the input. The gain here is that, we require about
the half the size of p, that is required for elementwise rational reconstruction. The experimental results
shows that this method is slower than the new approach which is presented in the next section.

Vector Reconstruction Using Common Denominator

The algebraic vector reconstruction algorithm in Algorithm 2] computes the common denominator
while reconstructing the solution. The initial assumption is that all the denominators in the solution
vector are same. Given a € O", p € Z.( and a bound B, if exist, we reconstruct the vector S such that
S = a mod p (thatis §; = @; (mod p) for each i = 1,...,n) and the coefficients of numerators and
denominator of S are bounded by B.
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Algorithm 2 Vector Algebraic Reconstruction (VecAlgRecon)

Input: Vector a € 0", an integer p and bound B.
Output: false or true with a reconstructed matrix S such that § = a (mod p).
I: D=K({)and S = O,x.

2: fori=1,...,ndo

3 b=aD

4 b=>b (mod p)

5 if all the coeflicient of b < B then
6: S = %

7 else

8 a,d; = AlgRecon(b, p)

9 D = Dd,

10: if any coeflicient of D > B then
11: return false, S

12: end if

13: Si=5%

14:  end if

15: end for

16: return true, S

Theorem 1.3.20. The Algorithm is correct and has the complexity O~ (Bnd?) for a vector of size n with
entries of bitsize B.

Proof. Consider the vector a = (ay,...,a,). We start algebraic reconstruction from first entry a;. Let
Z—l‘ = a; (mod p). Let aé and dé be the reconstructed numerator and denominator of dyay. If D = d; is
a common denominator then dj is a unit and @), = dja; (mod p). If all the coefficients of @, < B we
have obtained the correct numerator @, = &), without applying the reconstruction algorithm. Otherwise,
we do the algebraic reconstruction for dja; to find a/’2 and dé such that a’2 /d}, = dia, (mod p). Hence,
we get the numerator ap = a/; and denominator d» = a’ld; such that ay/d> = ap (mod p) and new
denominator is D = dd,. Other entries of the vector a can be constructed continuing this method.
We can set a early abort condition for incorrect results, if any coefficient of D > B. Therefore, the
correctness of the algorithm follows from the construction.

If the L?-algorithm is used in the algebraic reconstruction, it runs in (at most) O~ (3%d°) operations
on number of bitsize O(5). Hence, the worst case complexity of the algorithm with respect to the bit
size of the input is O~ (nB82d>). When the denominators of a are all equal, the bit complexity would be
O~ (B*d). O

This is a much faster approach as we accumulate the denominator, and in practice, we observed that
typically after the second iteration, we do not have to use lattice reduction.

1.3.7 Linear System Solving Using Lifting Method

One of the main tool that we use in this thesis is the DixonSolver Algorithm [3] Here we have
extended Dixon’s algorithm to number fields.
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Algorithm 3 Dixon Solver (DixonSolver)

Input: Matrix A € K™, b e K™ a prime number p (p L det(A)) and a bound B on solutions.
Output: Solution matrix S of the linear system Ax = b.

1: C=A"" (mod p)

22 D=b,s=0and p; = p.

3: while true do

4 x=Cb (mod p)

5 s =8+ xp]

6:  p1 =pip

7. if p; > B then

8 f,S =VecAlgRecon(s, p1)

9 if fand AS = b then

10: return S
11: end if
12:  endif

132 b=pl(b-Ax)
14: end while

First we use Cramer’s rule to compute a bound on the coefficients of numerators and denominators
of the solution S of Ax = b. Since, the solution S can be written as quotients of determinants of some
matrices, we need a method to estimate sizes of determinants ( in the next section, we explain how to get
bounds on determinants). Then we can use Theorem [[.3.18]to decide the prime power that is required
to guarantee the solution.

1.3.8 Bound and Norm for Matrices over Number Fields

Let K be a number field of degree d and let A € K™". We can get a bound on the coefficients of the
determinant of a matrix A using Hadamard’s bound for conjugate matrices of A (conjugate matrices are
the corresponding complex matrices given by the map ¢ as defined below). Consider the map (-)” as

described in the Section [1.3.2

(-)(i) K-> C: am o,

Assuming the conjugates of any element in K are ordered in the usual way, we can extend the map (-)”
for matrices over K™":

C(i) . K Cnxn

cA s AY

The map ¢ gives the matrix A, where all the entries are the i-th conjugate of the entries of matrix
A. The j, k-th entry ajx of A is mapped to ag.i,z of AY. Now we can compute Hadamard’s bound for each
conjugate matrices A®) as they are complex matrices. Let B?”) be Hadamard’s bound for the matrix A®?)
. |det(A?)| < B®. Conjugation is an isomorphism, which implies that det(A®’) = det(A4)”. Using these

. . "2
facts, we can apply the 7;-norm, to get a bound on the determinant with respect to B = Zf.l:l B as:
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d
Ta(det(4)) = ) det(A) "

i=1
d 5

< Z g _ g (1.3.10)
i=1

When a bound on coefficients of the determinant is needed, we may apply the norm change constant
in (1.3.2)) and obtain that || det(A)|| < Vc2B. In next sections, we relate the the size of the coefficients of
det(A), with the size of the input matrix A using the measure || - [|,.

Norm on the Size of Coefficients

For AD = [a}] € C™", let C¥ € R such that C > max{la(}l}. Using the Hadamard bound on

AD_ we have that | det(AD)| < n2CD" from [GG13, Theorem 16.6]. We define the following norm for
future applications.

Definition 1.3.21. Let K be a number field of degree d with ring of integers O, by Q = {w1, wa, ..., wq}
we denote the Z-basis of O with wy = 1. Given a € O with respect to the integral basis Q by its
coefficient vector (ay,...,q ) € Z¢ satisfying a = Z?zl ajw;. For a matrix A € O™™ we extend
llAll, = max{llA,'jllqJ N<i<n1<j<ml

The Lemma|I.3.22] provides a multiplicative property of the norm || - [|,..

Lemma 1.3.22. For a,8 € O the norm || - Il satisfies ||a,8||¢ <dc \/czlla||¢||,8||¢, where ¢ and ¢y are the
norm change constants of O as described in (1.3.2).

Proof. First we consider the || - ||2 norm on af. Suppose «; and S; for i = 1,---,d are the coeffi-
cients of @ and B respectively. Using Lemma , we have: ||a/ﬂ||2 < oTa(af) < erTa(@)T(B) <

czc’1||a/||2c1||ﬁ||2 = czc% Z?:] a/l.z 2,4:1 ,Biz. From this, we can get the required relation as ||a/ﬁ||‘/J < \Hla/,BII2 <

e Adllal2dIBIR < dey yeliall, Bl O

Bound on the Size of the Coefficients of det(A) in terms of [|Al|,

Now, Lemma (1.3.23| computes bounds on 75(det(A)) and the maximum coefficient of det(A), in
terms of the maximum coeflicient of matrix entries of A.

Lemma 1.3.23. For a matrix A € O™", it holds that T>(det(A)) < n”(cldIIAIIZ,)n and || det(A)|l, <

(cy*(cind)"™)||AIIL.

Proof. Consider the corresponding conjugate matrices of A as A®) fori = 1,...,d. Let e be the matrix
entry of A with the maximum 7,-norm. Foralli = 1,...,d, let ¢ be the corresponding ith conjugates of
e and e; be the ith coefficient of e. From the above result, we have that | det(A®)| < n"/2e?|". By (I.3.10)

it satisfied: T»(det(A)) < 3¢, eV < n”( >4, Ie“)lz)n. Now we can change the norm and obtain a
. . 2

bound on coefficients using the fact that le;| < [|A[|,: 2?:1 le?]” < ¢ Zf’zl leil® < ¢ Zflzl ||A||fo = c1d||A||2,.

Therefore, we get: Th(det(A4)) < n”(cldllAll?p)n. Combining this with changing norms on det(A), we

obtain a bound on || det(A)||, as follows: || det(A)ll, < VeaT2(det(A)) < (cé/z(clnd)”/z)llAllg. O
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1.3.9 Computational Model and Cost Functions

When we develop a computational model for number field arithmetic, we need a notion of size that
bounds the size required to represent ideals and field elements.

Presentation of Ideals

There are mainly two ways to present an ideal a of O as explained in [PZ97, Section 6.3] and [BP91]
Section 3].

Z-Basis Presentations: For every integral O-ideal a has a Z-basis representation. Since a is a free
Z-module of rank d, it can be represented as a = Zn; + Zny + - - - + Zny, with i; € O.

Two Element Presentation: Every integral and fractional ideal a can be generated by two el-
ements, one of which can be chosen randomly in a/{0}. That is: a = aO + aO, where a € a
is chosen to be a positive integer. For example, the least positive integer in a, or the norm if a,
are convenient. The construction of this representation is explained in [FHHJ17/, Section 6]. For
fractional ideals, we can find a presentation of the form a = aO + a/kO with a, k € Z.( and with
a € 0. In this thesis, two generators of an ideal a are called: gen_one(a) and gen_two(a).

Conceptually, 2-element presentation is less storage consuming and some operations are much more
efficient in this setting ([FHHJ17, Section 6]). When the storage requirements for a is considered, it
takes (d + 1) integers to store generators using two element representation. If we have picked an integral
basis for K, then it takes d? integers to store the basis itself.

Let P be a finite set of prime numbers, and Pg denote the (finite set of) prime ideals of Ok that lie
over some prime in P.

Definition 1.3.24. Lert a be a fractional O-ideal. We call aO + aO, with a € Zso and @ € K a P-normal
presentation for q, if a = a0 + aO, and for the factorization into prime ideals in O it holds that: both a
and a0 are divisible only by primes in Pk, and the ideal aa™" is not divisible by any prime in Pg.

Some important properties of normal presentations, from [BP91, Section 3]:

1. Let a = aO + a/kO be a presentation for the fractional ideal a, with @, k € Z.¢ and a € O. Then a
admits a P-normal presentation with P consisting of the prime numbers dividing ak.

2. If a = a0+ a0 and b = bO + BO are P-normal presentations, then ab = abO + a0, and moreover
this is a P-normal presentation of ab.

3. If a = a0 + 2O is a P-normal presentation for the integral ideal a, then there exists an integer k
coprime to all primes in P (and hence coprime to a), such that a=! = O + a~'kO. For instance, for
any positive integer r in @O the largest divisor k of r that is coprime to a will do.

Notion of Size

For a number field K of degree d, we fix the Z-basis Q = {w, wy,...,wy} for the maximal-order
O with w; = 1. We can represent an integral element @ € O with respect to the integral basis Q as
explained in Definition[I.3.21] Now, we define the size of elements and ideals as follows.
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Definition 1.3.25 (Size of Elements). We define the size of an integral element a € O with respect
to the chosen integral basis Q as size(a) = d(log(llall,)). For an « € K, @ = a/k with k € Z
we define size(a) = size(@) + log(k), and a = a/k with algebraic denominator k € O, we define
size(a) = size(@) + size(k). When a € F is represented as a tuple (&,€) € O* such that « = &/€ we
define size(a) = size(a) + size(k).

Considering the multiplicative structure of O, we can give the size bounds with respect to multi-
plicative operations as follows.

Proposition 1.3.26. For «, € O, the following holds.
(i) size(af) < size(a) + size(B) + dlog(dcicy).
(ii) size(a™") < dsize(a) + d? log(dcy) + dlog(c»)

Proof. (i) : By Lemmal|l.3.22|the norm || - ||, satisfies |lafll, < dc1 v/eallall,lBll,- Therefore it holds:
dlog(llepll,) < dlog(llell,) + dlog(lBll,) + dlog(dcy vfc2).

(i) : For @ € O, let ™' = 8/k with k € Z. the denominator of a~! and numerator 8 € O. We have
that [k| = |den(a™")| < [N(@)|. Using (T:3:4) llll*/d > (N(@))*', we obtain log(k) < d log(llall,).

Considering the embeddings for i = 1,...,d and combining with Inequality (I.3.3) we have:

. (@) k N(@)| .
(D) — & _ lk| < IN(a) _ Dy < 2
o @@ |a® T |a®)) l_[ la*”| < Ta(a)
Jell,...d}/i

That is T,(8) = ¥, |8V < dTy()*":

T>(B) < d(Ta(a))"™!

| J d-1
— DBl < d[q > |a,-|2]
R i=1

J J d-1
Z Bil* < dc2(cl Z |Qi|2)

i=1 i=1

(d-1)
Bll, < Vead(Verdllell,)
Therefore the size of @~ ! is

dlog(|IBll,) +log(k) < d((d - 1)(log(llelly) + log(c1d)/2) +log(cad)/2) + dlog(llel,)
< d*log(llell,) + d* log(dcy) + dlog(ca)

O

Concerning the increase of the size of elements with multiplicative operations we define the constant
Cq which depends on the basis €:

Cq = max{dlog(dcic»),d* log(dc) + dlog(ca)}.

Now we extend these relations for the multiplicative structure over K (for proofs and more details, see
[BEH17, Chapter 3]).
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Proposition 1.3.27. For all a,B € K and m € Z the following holds:
(i) size(ma) = size(a) + dlog(|m)).
(ii) size(ap) < size(a) + size(B) + Cq.
(iii) size(a™!) < dsize(a) + Cq.
(iv) size(a + B) < 2(size(a) + size(B)).

An integral ideal a of K is a free Z-submodule of O with rank d, and it can be represented by a basis
matrix M, € Z™" with respect to the basis Q. Therefore the size required to store the ideal with the
Z-basis presentation is bounded by d? log(||M,|ls)- Note that, || M,|| = min{a € Zs¢|a € a}, and denote
it by min(a). With the two-element presentation of ideals, we can save the storage as explained in the
following definition.

Definition 1.3.28 (Size of Ideals). For an integral ideal a in Z-basis presentation, the size of a is defined
as size(a) = d? log(min(a)). If a = 4/k < F is a fractional ideal where @ is integral and k € Zsg is
the denominator of o, we define the size of a by size(a) = size(d) + d* log(k). With the two-elements
presentation of the ideal, the size of a 2 O is size(a) = (d + 1) log(min(a)), and when a < F the size is
size(a) = (d + 1) log(min(a)) + log(k).

Considering the properties of two-elements presentation, we can provide the size bounds with re-
spect to ideal operations as follows:

Proposition 1.3.29. Let a,b be fractional ideals of K.
(i) size(ab) < size(a) + size(b).
(ii) size(a™") < (d + 2)log(min(a)).

Proof. We take a = &/k and b = b/[ with k and [ the denominators of a and b respectively. Let @ =
a0 + @0 and b = bO + SO be in P-normal presentation,

(i) We have that ab = abO + @O0, therefor size(ib) = size(aB) + size(ab). Since min(ab) divides
min(d) min(b), we have size(ab) < (d + 1) log(min(a) min(b)) = size(a) + size(b).

Let a,b < 7, then size(a) = size(d) + log(k) and size(b) = size(b) + log(/). In P-normal

presentation let a = a0 + @/kO and b = bO + B/I0. Then ab = abO + afB/klO and it holds
size(ab) < size(a) + size(b), similar to the integral ideal case.

(ii) We have that min(@) € a. Thus the principal ideal (min(a@))) can be divided by @ and there exists
an integral ideal ¢ with (min(a))) = ac, that is ! = ¢/min(@). Since min(@) € ¢, it holds
min(¢) < min(@). As min(d) is the denominator of a~!, we have size(@~!) = size(c) + log(min(d)).

That is size(@™!) < (d + 2) log(min(a)).
When a < F, we have that a=' = kd~!. Since the denominator of a~! is equal to min(a) it holds
that size(a™!) = size(@™') + log(min(a)). Thus size(a™!) < (d + 2) log(min(a)).

O

For A € O™ consider the largest absolute value of coefficients of A as S 4 = log(||All,) and let B be

an upper bound on log(]| det(4)||,). By Lemma 1.3.23| we have that [|det(A)ll, < (c)/*(cind)"/>)|IA|l".
Therefore we have that B € n(C log(nd) + S 4) for some C € R and B = O~ (nS 4). That is size(det(A)) €
O~ (ndS 4).



1.3. CoMPUTING IN ALGEBRAIC NUMBER FIELDS 21

Consider the storage requirements for O-module M (see Section for a matrix A € O™
and vector of fractional ideals (0;)i<;c, € F". M = Z?:l a;A;, where A; are the rows of A). It takes
nmd integers to store the basis A: Aj,..., A, and n(d + 2) integers to store generators for the ideals
ar, az,...,a, using two element representation. If we have picked an integral basis for O, then it takes
2nd? integers to store the basis itself. Hence, the total storage space required to store M is nmd + 2nd>
integers.

Cost Function

For a number field of degree d, we define the non-decreasing function s — M,(s) and an algorithm
which multiplies two number field elements in K of size at most s using at most M,(s) bit operations. For
multiplication of two elements «, 8 € K, we take s = max{size(a), size(83)}. We assume that M,(s) = 1
for s < 1, so that My(s) > 1 for all values of s. We will also have the following assumptions on M,;:

1. My(s) € O™ (s).
2. My(s1s2) < My(s1)My(sy) for all s1, s € R.

The classical method has O(d?) number of bit operations, for multiplication. In our applications,
we use asymptotically fast algorithms such as FFT-based methods which has the bit complexity as
O(dlog(d)log(log(d))). Since we use O~ asymptotic notation in complexity analysis, we assume that
for Euclidean algorithm related computations has the same complexity as M,(s) for multiplication.

Consider the complexity for inversion of number field elements. Let @ € O and f be the defining
polynomial of the number field K. Then, we can obtain ! using the Bezout coefficients 3,y such that
1 = Ba + yf. The output is larger by a factor of d, therefore the total complexity for @~! computation is
My(B) ~ dM,(s), where s = size(a).

We use two-elements representation of ideals in our computations. Therefore, the complexity for
ideal arithmetic follows from the properties of the normal presentation.

For linear algebra such as matrix multiplication, inverse computation, normal form computations we
use classical method with complexity O~ (P My(sp)) for sp = d log(||Al,)- Note that, for multiplication
of two n X n matrices over Z, the algorithm of Strassen in [SS71]] has the complexity of O(42n'°227), and
asymptotically fastest known method allows O(n?>376).






Chapter 2

Algorithms for Computing the
Determinant of a Matrix over Number
Fields.

We present a fast and practical deterministic algorithm for computing the determinant of a non-
singular n X n matrix A over a number field K of degree d. Based on Storjohann’s [PS13]] determinant
computation algorithm for integer matrices, we first solve Ax = b for a randomly chosen vector b, using
Dixon’s algorithm [Dix82]. It can be seen from Cramer’s rule that the denominators inherent in the
solution are the determinant or a large divisor of the determinant. When generalizing this to number
rings, we encounter the problem that the denominator is an ideal and it is no longer a number which
can be used to compute the determinant. To tackle this problem, we use the approach of Fieker and
Friedrichs [FF0Q]. We rigorously assess the complexity of this new algorithm as O~ (n*d + n*d + nd>)
operations, whereas the usual Gaussian method takes O™ (n7d?) operations in Q.

2.1 Introduction

Computation of the determinant of a non-singular n X n integer matrix is a well-studied classical
problem. The classical Gaussian elimination method takes a cubic number of operations. Here, we face
the computational phenomenon of intermediate coefficient swell, and the standard strategy to avoid this
is to use modular methods. Using a Chinese Remainder Theorem (CRT) based modular method, one
can compute the determinant modulo many small prime numbers such that the product of the primes is
large enough. This computation takes O~ (rn>) number of operations in Q, with the size of determinant
O~ (n) the total complexity grows to O~ (n*).

Over time, the complexity of the determinant computation has been reduced. The first breakthrough
was the division-free algorithm by Kaltofen [Kal92|]. The state-of-the-art method is due to Storjohann
[PS13], extending his technique in [Sto03]] using high-order lifting and integrality certification. The
run-time of this heuristic algorithm grows to O~(n*) approximately. His algorithm is based on the
determinant algorithm of Abbott, Bronstein and Mulders in [ABM99, Section 2]. To compute the
determinant of A € Z™", first they compute a large divisor of the determinant. This is done by solving
linear systems Ax = b over the rationals for a randomly chosen vectors b. Then, a divisor of the
determinant (more precisely the largest elementary divisor of the matrix) can be found from the minimal
d € 7, such that dA~'b is integral. This method can be understood by the modules (or latices) spanned
by the rows of the matrices. The module corresponding to the rows of A is enlarged through the addition
of random elements, and in each such step gives a factor of the determinant. In the final step, one

23
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needs to verify that the module is trivial, i.e. the basis matrix has determinant one, which is called
unimodularity certification. The idea is that the module is trivial if the matrix has an integral inverse.
Otherwise he repeats the same steps for a new matrix b. In Section [2.2] we discuss these determinant
computation algorithms for integer matrices.

Section [2.3] provides a fast algorithm for computing determinants over number fields. Here, we en-
counter the problem that there is no well-defined algebraic denominator. In fact, the denominator we
obtain from the solution matrix is an ideal containing all algebraic numbers that can act as a denomina-
tor. Since we have ideals as divisors, there are no unique representations for fractions. We define the
denominator ideal with respect to a solution S € K" of the linear system Ax = b as ({u € O | uS € O"}).
While the denominator ideal can be computed, it cannot immediately serve as an approximation to the
determinant. We combine this ideal with some CRT-based computation to obtain the determinate using
the LLL algorithm. This new deterministic algorithm uses O~ (n*d + n’d + nd®) operations in the worst
case, whereas the Gaussian method uses O~ (n>d?) operations in Q, to compute the determinant of a
non-singular n X n matrix over the number field K of degree d.

Finally, in Section [2.4] we generalizing Storjohann’s idea to the number ring situation. The problem
here is that number rings are not Euclidean domains. Moreover, module generated by the rows of a
matrix over number fields cannot be used as free-modules to apply the same theory as Storjohann does.
Therefore, we use the theory of pseudo-matrices to overcome this problem. However, we could not use
his the unimodular certification approach in [PS12], as it was slow in our case. Therefore, we used a
different approach to verify the determinant and obtain better runtimes.

2.2 Determinant computation of an Integer Matrix

2.2.1 Modular Determinant Algorithm by Abbott et el.

The determinant Algorithm [ of Abbott, Bronstein and Mulders [ABM99, Section 2] uses two
variants of modular methods. In the first step, it solves linear systems using Dixon’s algorithm [Dix82],
which is based on Hensel lifting. Then, it uses a CRT-based modular technique to find the determinant
of a matrix A. The algorithm involves two reconstruction steps: Step-1 requires a reconstruction method
to find a rational solution from the lifting output, and Step-4 reconstruct the integer determinant from
the CRT output. There are different methods of doing the reconstruction in each case. The Algorithm 4]
uses Hadamard’s bound H: if the prime product m > 2H, it returns a unique result d = det(A).

Algorithm 4 Determinant (Determinant)

Input: A € Z™".
Output: det(A).

1: Using Dixon lifting and rational reconstruction, compute solutions to Ax = b for several matrices
b € 7™ where the entries are chosen uniformly randomly from a suitable interval I = [m,m +
1,....m+r]CZ.

: Let D be the LCD (least common denominator) of all the solutions.
3: Compute H: a bound for the absolute value of det(A) using Hadamard’s bound.
: Compute det(A)/D using CRT: start with values and primes used in Step 1. Since |det(A)/D| <
H/D, use 2H/D as the bound for the CRT modulus.
5: Compute D X det(A)/D.
6: return det(A)
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It is clear from Algorithm ] when the factor D, computed in Step [2] is small; we have to perform
CRT in Step ] for many primes (i.e. when A = diag(a,a,...,a) for some a € Z). In that case, the
complexity of the algorithm is O~ (n*) operations in Q. However, in general, the expected complexity
for a randomly chosen input matrix A is O~(n’), as we can obtain the complete determinant, either
without or with only few CRT steps (See [ABM99, Section 4]).

2.2.2 Storjohann’s Determinant Algorithm

Based on the Algorithm [] Storjohann developed a new algorithm in [PS13], with the runtime ap-
proximately being O~ (n*) operations in Q. In order to discuss his algorithm , we need the following two
definitions regarding matrix cannonical forms.

Matrix Normal Forms

Definition 2.2.1 (Hermite normal form). A nonsingular matrix H = [h;;] € Z"™" is said to be in Hermite
normal form if the following conditions are satisfied.

o H is upper triangular
e h;>0,for1 <i<n
e 0<hjj<hjforalll <i<nandi< j<n.

Definition 2.2.2 (Elementary Divisors). For a matrix A € Z™" and 1 < i < n, the i-th determinantal
divisor a; is the greatest common divisor of all i X i minors of A. The ratios of successive determinantal
divisors are the elementary divisor (invariant factors) s; = a;/ai-1, with ag = 1 for convenience.

The first determinantal divisor «; is the greatest common divisor of the entries of A and the n-th
divisor @, is the determinant |det(A)| itself. The diagonal matrix S = diag(sy, 2, ..., s,) is the Smith
normal form of A.

The Algorithm

The steps of determinant algorithms in general:

1. Solve the linear system Ax = b for a randomly chosen vector b € Z™!. Then, the LCD is
computed as before.

2. o FEither proving the denominator is the determinant:
Construct a matrix C from the solution such that, det(C) = denominator and B = AC™!
is integral. If the new matrix B is unimodular, the determinant is complete. (This does

not work immediately for non-random diagonal matrices (i.e. A = diag(a,a,...,a)) as the
denominator is always a proper divisor of the determinant. Then we have to continue with
CRT method.)

e or, compute the determinant modulo more primes using CRT until the prime product achieve
enough precision with respect to Hadamard’s bound.

Definition 2.2.3. Given v € Q™! a minimal triangular denominator of v is a nonsingular upper trian-
gular matrix T € Z"™" with minimal magnitude determinant such that Tv integral.
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In Storjohann’s approach, he repeats Step 1 until the new matrix B becomes unimodular. First he
computes a minimal triangular denominator T, such that TA~'b is integral. The hcol algorithm in
[PS13| Figure 1]) constructs the matrix 7' based on Lemma[2.2.4]

Lemma 2.2.4. [PS]3, Lemma 1] Let s € Q”Xl and d € Zq be such that w := ds is integral. Write the
d
Hermite form of [7‘17] g Zmbxtn+l) g [i‘%} e 720X ywhere I, € 7" is the identity
n

matrix. Then H € Z"" is a minimal triangular denominator of s.

Let s be the solution of the linear system Ax = b, and T be the minimal triangular denominator of
s. Then, one can obtain AT~! as an integral matrix. Here the idea (which will be used over number
fields) is that AT ! is also a basis for the module generated by the rows of the matrix [A | b]’. This way
a matrix C is constructed from the product of matrices 7; for the solutions of different b; matrices for i =
1,2,...,k, until the new matrix B = AT ! ry L. T, !'is unimodular. Roughly speaking, each projection
corresponds to a single elemetary divisor of the matrix A and the largest remaining elementary divisor
of the matrix B. If B is unimodular, then the determinant is complete, and the sign of the determinant
can be recovered by computing det(A) mod p for a small odd prime p. Unimodular certification is due

to UniCert algorithm in [PS12| Section 4].

2.3 Algorithm for Computing the Determinant of a Matrix over Number
Field

Similar to the integer case, we start with a solution S of a linear system Ax = b using DixonSolver
in Section[I.3.7] Then we compute the denominator of the solution as an ideal: we take the intersection
of principal ideals generated by each coordinate of § as €. There is a unique factorization for ideals
as O is a unique factorization domain. Hence, € can be represented as a quotient of two integral ideals
€ = n/d: denominator ideal d and numerator ideal n. Since we can obtain the required denominator
ideal after a few intersections without computing the intersection of all the ideals, we use a modified
algorithm in the implementation.

Algorithm 5 CRT of ideals (CRT_Ideal)

Input: Two tuple of elements in coprime ideals: (r1, i) and (7, ).

Output: x such that x = r; mod i; and x = r, mod i
1: Find elements y; € i} and y, € i such that y; + y, = 1 using idempotents.
2: return ryy; + rayj
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Algorithm 6 Determinant Computation (ModularDeterminant)

Input: A € K™ and a starting prime p € Z.
Output: Determinant of matrix A.
1: O = maximal order of K and d = degree(K).

2: B =random(n X 1) matrix over K, for a suitable range of coefficients.
3: § = DixonSolver(A,b)
4: d = Denominator ideal of S.
5: Djy; = LLL reduced basis matrix of .
6: D; =Dyt
7: F = LLL reduced basis of d
8: dy = dy = 0O(0)
9: pr=1
10: while true do
11:  d, = det(A mod p)
12:  p = principal ideal of p.
13:  dy = CRT_Ideal((dy, D), (d,, p))
14: D =Ddp
152 p1 =pip
16: T = the column vector of the cordinates of d.
172 W=D;T
d
18: k= Z;F,- [%]
190 k=pik

20: di=d -k
21: if dy = d; then

22: return d;
23:  endif
24: dy = d;

25:  p = anew prime number.
26: end while

Considering the denominator ideal, we have that det(A) = 0 (mod d). Next, we compute the deter-
minant modulo some prime ideals p; fori = 1,2, ... until we get the correct determinant using CRT and
algebraic reconstruction from a solution modulo (d [] »;).

In Algorithm [6] we use the constructive version of the CRT (Algorithm [5) introduced by Cohen in
[Coh96]. In order to use CRT for ideals, the construction of idempotents has to be made explicit as in
[Coh96, Prop 1.1].

The recovered determinant from the modular result can be guaranteed by Theorem [I.3.10} if the
lattice corresponding to the ideal (b [] p;) is large enough. In order to estimate the size of the ideal, we
compute a bound B for the determinant of the matrix A, using Hadamard’s bound for conjugate matrices
of A (As described in Section[I.3.8)). Let I = d [] p; be the ideal computed in Step [14] of the Algorithm
6l

Theorem 2.3.1. Given bound for the determinant To(det(A)) < B, suppose the norm of the ideal 3

satisfies
N() = (2yB/d - B+y0)/2)* ).

Then, Algorithm|6]computes the correct determinant of the matrix A.
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Proof. Suppose the norm of the ideal 3 computed in Step [14]satisfies Belabas’ condition as above. Let
di be the CRT output in step[I3] such that det(A) = d; (mod J). Given T»(det(A)) < B, Theorem[1.3.10]
guarantees that the reconstructed solution d; — k is the correct determinant of A.

Reconstruction is clear from the Algorithm@ Let d be the denominator ideal, then we can compute
the LLL reduced basis F of d (Step ] and [7). Let p; be the product of prime numbers used in the
computation and take p; = [] p; for the corresponding prime ideal. Using the fact that 3 = d[] p;, a
LLL reduced basis of the ideal J is p; - F. We compute the coordinate matrix W/p; of d; with respect
to the basis p; - F, using the basis matrix Dy of d (in Step [I7). k is computed in Step [I§] by rounding
coordinates in the matrix W/p;. In the algorithm, we do multiplication by p; at the end to change the
basis from F to p; - F. Finally, d; — k gives det(A). O

Theorem 2.3.2. Overall complexity of the Algorithm@ is O~ (n*d + nd + nd®) log(||All,) number of bit
operations.

Proof. The algorithm has two main steps: linear system solving and reconstructing the determinant
using denominator of the solution. For the complexity analysis, we have used asymptotically fast op-
erations over K, but classical complexities for linear algebra. Let s4 = dlog(]|All,) and B be an upper
bound on d log(]| det(A)||,,), then we have that size(det(A)) < B € O~ (ns,) from Sectionm

Linear system solving at Step [3}

i. Computing A~' (mod p) takes O~ (3 M (d log(p))) bit operations:

Because, the addition and multiplication operations for number field elements modulo p costs
0~ (M (dlog(p))) and, row column operations for the matrix A (mod p) costs O~ (n?) over K. We
can choose p such that M;(d log(p)) < M,(s4) to make it easier for complexity analysis.

ii. Dixon solver computes the p-adic expansion of the solution with O~ (P M (s4)) bit complexity:

One lifting iteration contains matrix-vector multiplications which cost O~ (n"*My(s4)). The num-
ber of iteration required to obtain the solution is O~ (n) (See [Dix82]).

iii. Vector reconstruction to recover the solution takes O~ (d°(B/d)?*) bit operations for random input
matrices (as mentioned in the Theorem|(1.3.20} using L?-algorithm). Worst case the bit complexity
would be O~ (nd’(B/d)?), which is equalent to O~ (2d°(sp/d)?).

Recovering the determinant:

i. The step|[5|is using L? algorithm to find the reduced basis of the determinant ideal. It has the bit
complexity O~ (d>(B/d)?). That is equal to O~ (nd>(s4/d)?).

ii. The last step, uses CRT which costs O~ (n> My(P)) bit operations, to achieve the remaining number
of digits P (as the bound for the determinant): that is we need primes such that the size of the
prime product p; satisfies P = dlog(p1) = (B/dlog(|| min(d)|,)). For random matrices the size
of P is negligible. But worst case P = B, and the complexity grows as O~ (n> My(B)) (that is
O~ (n*M(s4))), in the presence of non-random (diagonal) matrices.

The total bit complexity of the algorithm in the worst case is O~ ((n* +n* )My (sp) +n’d>(s4/ d)z). That is
O~ (n*d + n’d log(||All,) + n?d> log2(||A||¢)). But, for generic random matrices the bit complexity would
be O~ (n*d log(l|All,) + nd® log*(|All,)). O

While the new implementation has complexity as above, the direct Gaussian method has O~ (n°d?s4)
bit operations, because the row and column operations takes O~ (n3d?) operations, and inputs are as large
as the size of the matrix O~ (n?) (see [GG13] Sec 5.5, p.111]). The key point of the ModularDeterminant
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algorithm is that the computations are not carried out over K, except the second part of the algorithm.
The complexity O~ (n*d + n3d + n*>d°) is given with bit operations. The expensive lattice reduction is
used only once for a basis matrix of the denominator ideal corresponding to the solution vector. Since
we already have a maximum possible divisor of the determinant, the CRT step does not cost much. In
the next section, we make the performance-wise comparison with [BFH17, Algorithm 3], which has bit

complexity of O~ (n*d*).

d r | =100 : 100 —1000 : 1000 —10007 : 10007
n MDet Hecke | Quot | MDet Hecke | Quot MDet Hecke | Quot
10 0.007 | 0.001 0.17 | 0.005 | 0.001 0.12 0.015 0.001 0.07
30 0.027 | 0.022 | 0.81 0.035 | 0.030 | 0.85 0.112 0.050 | 0.45
50 0.117 | 0.16 1.34 | 0.11 0.21 1.83 0.14 0.34 2.32
) 100 | 0.61 2.32 3.81 0.80 3.09 3.88 0.84 6.11 7.30
150 1.82 12.29 | 6.74 1.93 17.17 8.89 2.88 33.29 11.57
300 14.65 | 4m 16.10 | 1574 | 5.6 m | 21.19 19.69 11.6m | 35.26
500 I.lm | 38m 3282 | 1.2m | 54m 43.94 1.6 m 2h 73.18
1000 | 9.5m 13.6h | 8525 | 103 m | 20.6h | 120.14 | 13.2m | - 00
50 0.15 0.35 2.30 | 0.17 0.41 2.42 0.32 0.66 2.06
100 1.06 491 4.66 1.24 6.02 4.88 1.89 1148 | 6.07
3 150 3.19 2414 | 7.57 | 3.69 32.61 8.84 6.09 I m 10.56
300 22.61 7.5m | 20.02 | 27.68 10.6 m | 23.05 | 37.65 22.3m | 35.52
500 1.7m 1.2h 42.47 | 2m 1.7h 5197 | 29m 39h 78.19
50 2.91 3.23 1.11 3.86 4.35 1.13 15.74 8.37 0.53
10 100 1547 | 55.15 356 | 24.88 | 7558 | 3.04 1 m 25m | 2.33
150 26.56 | 52 m 11.64 | 1m 73m | 7.02 1.8 m 145m | 8.18
300 2.6 m 1.8 h 40.66 | 3.5m | 2.6h 4396 | 4.6 m 52h 67.57
10 9.32 0.03 0.00 | 8.97 0.04 0.00 9.84 0.07 0.01
20 50 42.68 1348 | 0.32 | 58.95 18.27 | 0.31 39m 35.15 | 0.15
100 33m | 43m 129 | 48m | 58m 1.20 103m | 10.7m | 1.03
150 6.3m |239m | 379 [ 89m |32m 3.60 362m | 1h 1.78
10 48.62 | 0.2 0.00 | 32.50 | 0.13 0.00 1.4m 0.42 0.01
30 50 57m | 5232 |0.15 |58m | 56.13 | 0.16 259m | 1.8m | 0.07
100 21.3m | 13 m 058 | 57m 30 m 0.52 1.2h 474 m | 0.65
150 382m | 1h 1.67 | 52m 14h 1.55 1.7h 24h 1.41
50 10 48m | 0.62 0.00 | 56m | 0.48 0.00 48.1m | 1.13 0.00
50 569m | 3.5m | 0.06 1.1h 6.6m | 0.10 46h 21.2m | 0.08

Table 2.1: Timing for Determinant Computation over Number Fields.

2.3.1 Performance Analysis Based on Timing

We have implemented Algorithm @ (see [Sur21l]) using Hecke [FHHJ17]] in the Julia language
[BEKS17]. To illustrate the efficiency of the new method, we have computed timings using number
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fields Q[x]/(x?+7x+1), Q[x]/(x*+7x+1) and Q[x]/(f) for f = x10+ %7 2(~x)', f = ¥+ 512, 2(-x),
f= 204 21.2:90 2(-x)" and f= 20+ 2?290 2(=x). Table shows timing in seconds (m -for minutes and
h- for hours) for the new algorithm ModularDeterminant (MDet) for different choices of parameters:
d- degree of the number field, n- size of the matrix and r- range of the coeflicients of input matrix. Com-
parison have been made with the existing implementation in Hecke based on the deterministic algorithm
[BEH17, Algorithm 3], which uses modular methods and decomposition of rings. Experimental results
(with quotient times) shows that the new algorithm works much better for big matrices in small degree
fields: For 1000 x 1000 matrix the new implementation computes the determinant, nearly 120 times
faster than the existing one. Moreover, over a field of degree 30, a 300 x 300 matrix with the size of
coefficients —100 : 100 takes 1.8-hours to compute the determinant, whereas Hecke implementation
does not terminate. The timings prove the complexity results: over fields with larger degrees, our imple-
mentation becomes slow due to the expensive basis reduction algorithm. Over fields of fixed degrees,
the modular approach performs well for large matrices.

2.3.2 Example

Consider K = Q[a] = Q[x]/x% + 1 and maximal order O = (1, a).

Ta+3 4a+4 4a+3 443 4 129
= = ; — | 610 610
20+2 8a+3 7a+9|° Solution S [_3%75]614_ %

We compute the determinant of the matrix A as follows: The denominator ideal of S is computed using
Hecke as: B = (610, 135641a + 253507).

. . . |610 0O LLL 13 =21

Basis matrix of B is: [377 1} — [21 13 ]

A

c1

100 +

v

Therefore, we have that B: (21 + 13a, 13 — 21a)
Take p; = 3: Ideal p; = (3,3a) <O.
LLL basis for the ideal Bp,: (B; = 63 + 39a, B, = 39 — 63a).
Lattice basis of A(Bp;) = (b = (63,39), by = (39, —63))
Reconstruct determinant from CRT output:
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—1220 - 2440a (mod Byp;) di = —1220 — 2440a — (-31B; + 19B;) = -8 — 34a

Take p; = 7: Ideal p; = (7,7a) < O.
LLL basis for the ideal Bppy: (C1 = 441 + 273a,C, = 273 — 441a)
Lattice basis of A(Bp1py) = {c1 = (441,273),cp = (273, -441))
CRT output: —36608 — 128134a (mod Bp;p,)
Determinant: D = —=36608 — 128134a — (—190C| + 173C,) = —47 + 29a

2.4 Extension to Storjohann’s Determinant Algorithm

When generalizing Storjohann’s determinant computation algorithm (Section [2.2)) to the number
ring O, we encounter the problem that finitely generated torsion-free O-modules are not free in general.
For this reason, matrix normal forms are more subtle than in the principal ideal domain case. Hence, we
cannot directly apply Lemma[2.2.4]to compute a minimal triangular denominator of a solution matrix.

2.4.1 Finitely Generated Modules over Dedekind Rings

In this section, we give an overview of modules over Dedekind rings in general. The results given at
the end of this section will be used in next sections with pseudo-normal forms, to compute the denomi-
nator ideal of a solution matrix.

Theorem/ Definition 2.4.1. [[Cohl2| Chapter 1] Let R be a Dedekind domain, and K its quotient field
(fractions). Let M denote a finitely generated R-module. We define V. = KM = K@rM as a K-module.
Since M is finitely generated, KM is a finite-dimensional K vector space, whose dimension is called
the rank of the R-module M.

1. The torsion submodule of M is defined by

Miors = {x € M |da € R /{0},ax = 0}

2. We say that M is torsion-free if Mios = {0} and M is a torsion module if M = M.
3. The R-module M is torsion-free if and only if M is a projective module.

4. There exists a torsion-free submodule N of M such that
M=Mos®N and N = M/Mys.

There exist fractional ideals a; and elements a; € V such that N = aja; @ +aa @ - - - @ a,a,, and
there exist unique nonzero integral ideals d; of R and (non-unique) elements w; € My such that
Miors = (R/D)Dw1 @ -+ ® (R/Ddp)wy, and di—y C d; for2 <i < m.

Similar to the case of integer matrices, the definition of an elementary divisor can be generalize to
arbitrary unitary commutative rings R as follows.

Definition 2.4.2. The R-module M = R/d| & --- ® R/d,, where y,...,0, are ideals of R subject to
0Cd Cd C--- Cd, CR, is said to be elementary divisor form presentation, and the ideals dy, . ..,d,
are said to be the invariant factors or the elementary divisor ideals of M

Now using the elementary divisor form presentation of a torsion-module, we can address the fol-
lowing definitions and theorem which will be used in the preceding section for modules over O.
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Theorem 2.4.3. [[Cohl2| Theorem 1.2.30] Every finitely generated torsion module over a Dedekind
ring R has an elementary divisor form presentation.

Definition 2.4.4. 1. The order-ideal of a finitely generated torsion module M over a Dedekind ring
R is defined as €y(M/R), which is the product of elementary divisor ideals.

2. Let M and N be two finitely generated torsion-free R-modules having the same rank and such that
N C M. The order-ideal of the torsion module M/N is called the index-ideal of N into M and
denoted [M : N].

3. The exponent ideal W(M/R) of a module M over a Dedekind ring R is defined as the ideal of R
consisting of all the elements a of R which annihilate M as aM = Q.

Lemma 2.4.5. [PZ97, Section 4.5, Lemma 5.31] For a finitely generated R-module M it holds that
Co(M/R) C W(M/R). The equality holds when M is cyclic.

O’Meara in [O’MO00, Section 81C, 81D] gives the two lemmas below.

Theorem 2.4.6. Let M and N be two torsion-free R-modules of rank n in the same vector space V as
M=aqa® - ®a,a,and N =018, ®---®b,B,. Let T = (1;;) be the n X n matrix giving B; in terms
of a;j such that (By,...,Bn) = T(ay,...,a,). Then N C M if and only if t;;b; C a; for all i, j. Suppose
N C M, then M = N if and only ifa; ---a,, = by - - - b, - det(T).

Theorem 2.4.7. Let N C M be two torsion-free R-modules of rank n. Then there exist a basis (my, . ..,m,)
of V, fractional ideals ay,...,qa, and integral ideals V1,...,0d, such that M = aym; & --- ® a,my,
N = diaym; & --- ® dya,my, and di—; C V; for 2 < i < n. The ideals d; are uniquely determined by
M and N.

It can be easily proven that the ideals d; for 1 < i < n are the elementary divisors of M/N, and d,
is the exponent ideal of M/N over R. Using the above two theorems, we summarize this section into a
simple lemma which will be used in triangular denominator computation.

Lemma 2.4.8. Let N C M be finitely generated, torsion-free R-modules having the same rank n such
that M = qya1 @ -+ ® aua,, N = 0181 @ -+ @ 0,8, Suppose T € R™" be the matrix such that
Bi,....B) = T(ai,...,an). Then, the order-ideal of M/N (the index-ideal of N into M) is ba~" det(T)
wherea=aqa;---q,andb =by---b,.

Proof. Since N is a submodule of M, by Theorem we can represent M and N with respect to a
single basisof Vas M = g1y & -®g,y, and N = D1g1y1 @ ®0,8,y,. Let X = (x; ;) and ¥ = (y; ;) be
the transformations which change basis as (y, ..., v,) = X(ay,...,a,) and (y1,...,¥n) = Y(B1,...,Bu).
Let A = (a1,...,a,), B = B1,...,8,) and G = (y1,...,¥n). Then we have that X = GA™! and
Y = GB™'. From the Theorem we have that a = gdet(X) and b = dgdet(Y), where g = g1 --- g,
and d = d; - - - b,. Since g;/d;9; =~ R/D;, we have the elementary divisor representation by Theorem [2.4.1]
and as M/N ~R/d; & ---®R/d,. Hence [M : N] = b = bdet(Y) 'a~! det(X) = ba~! det(XY"!) =
ba~! det(BA™!) = ba~! det(T). O

2.4.2 The Theory of Pseudo-matrices

In our applications, we are interested in the particular case where R = O is the maximal order of the
number field K. In order to work with matrix-normal forms over the Dedekind ring O, Cohen [[Coh96]]
has introduced the notion of pseudo-objects as follows.



2.4. EXTENSION TO STORJOHANN’S DETERMINANT ALGORITHM 33

Definition 2.4.9. Let M C K™ be a finitely generated torsion-free O-module, and set V.= KM =
K@oM. We say that (a;,A})1<i<m form a pseudo-generating set of M if 37\, q;A; = M where (0;)1<j<p,
are fractional ideals of K and A; € V. (V is the vector space spanned by the rows of matrix A € K™"),
We say that it is a pseudo-basis of M if the sum is direct.

Definition 2.4.10. Let A € K™". A pseudo-matrix is a pair A = ((¢;), A) where the family (0;)1<i<m
of fractional ideals of K are called the coefficient ideals. If A has full rank and n = m, we define the
determinant ideal of A as det(A) = det(A) - a; - - - .

Note: We define the determinant ideal of A € O™ as det(A), where A is the corresponding pseudo-
matrix with all the coefficients ideals being the unit ideal (a; = O for all i).

Definition 2.4.11. The pseudo-element av where v € V and a < K is said to be integral if av C O".

Definition 2.4.12. A matrix A € O™ is called unimodular if det(A) is a unit. A pseudo-matrix A =
((a;), A) is called unimodular if det(A) is a unit.

In the integer case, Lemma[2.2.4 uses Hermite form to find a minimal triangular denominator. We
will use a similar method with the notion of pseudo-Hermite normal form over Dedekind domains.

Theorem/ Definition 2.4.13. [[Coh96, Theorem 2.5] Let A = ((qa;), A) be a pseudo-matrix with A =
(a; j) € O™ such that A has rank r. We say that A is in pseudo-Hermite normal form if and only if the
following hold:

1. The first r rows of A are nonzero. For 1 <i < r let a; j, be the last nonzero entry in row i. Then
I1<ji<p<---<j<m

2. Wehave a;j, = 1for1 <i<k<r.

Let A = ((a;)1<i<m, A) be a pseudo matrix over O with n columns. Then the O-module generated by
the pseudo-matrix A is denoted by Mod(A) = 3.7, a;A; where A; are the rows of A.

Definition 2.4.14. Two pseudo-matrices A and B are called equivalent if and only if Mod(A) =
Mod(B).

Theorem 2.4.15. [Hop98, Lemma 3.2.3] Let A = ((0))1<i<m,A) and B = ((b;)1<j<m, B) be two pseudo-
matrices with n columns. Then A and B are equivalent if and only if there exists a matrix T = (t; J')i,j €
K™ such that B = TA and t;jb; C a;, and there exists a matrix U = (u; j)i,j € K™ such that A = UB
and u;jaj C b;. Thus, we referred that A and B are equivalent via T, and B and A are equivalent via U.

Now we can extend the Lemma[2.4.8] for pseudo-matrices as follows.

Theorem 2.4.16. Let A = ((a;)1<i<n,A) and B = ((b;)1<i<n, B) be two pseudo-bases of R-modules
Mod(A) and Mod(B) in a same vector space V such that Mod(B) C Mod(A). Then, the order-ideal of
the quotient module Mod(A)/ Mod(B) is given by [Mod(A) : Mod(B)] = det(B)/ det(A).

Proof. Let T = (1; ;) be the n X n basis transformation matrix such that B = TA. Set a = a; ---a, and
b = by -+ b,. Then [Mod(A) : Mod(8B)] = ba~' det(T) by Lemma[2.4.8] O

Given a pseudo-matrix, Hoppe in [Hop98| Section 4.10] defines the dual pseudo-matrix.

Definition 2.4.17. Let A = ((q;), A) be a square pseudo-matrix with n rows and rank n. If M = Mod(A)
then the dual pseudo-matrix is the pseudo-matrix corresponding to the O-module Mp = {x € V|x'M C
O"}. The dual can be obtained as: Ap = ((ai‘l),A‘t).
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Now, we can extend equivalence relations for dual pseudo-matrices as follows:

Lemma 2.4.18. Let A = ((0;)1<i<n, A) and B = ((b;)1<j<n, B) be two pseudo-matrices of rank n. Suppose
they are equivalent with T : A - B, T = (tij)ij eEK™andU : B - A U = (”ij)ij € K™, Then,
their duals are equivalent with T™" : Ap — Bp, T~ = (tlfj)ij eK™and U™ : Bp — Ap, U™ € K",

Proof. Consider the isomorphism T : A — B. From Definition [2.4.15] it follows that TA = B and
t;jb; C «q;. Similarly, from the isomorphism U : 8 — A, we get UB = A and u;ja; C b;. Since
T,U € GL,(K), itholds: TA = B & AT =B & T7'A" =B'andA = UB
U'A=B < U'A™" = B™'. This implies: U’ = T~' and t;; = uji. From the properties of U it
holds: u;ja; C b; & uja; Cb; ujibj‘.l C al.‘1 = tlfjb]‘.1 C al.‘l. Hence the isomorphism
T7': Ap — Bp holds. Similarly, the isomorphism U™ : 8p — Ap can be proven. O
Definition 2.4.19. Let A = ((0;)1<i<n, A) be a pseudo-basis of an O-module and d be an ideal in K.
Then, we define DA := ((dq;)1<i<n, A). For some non-zero d € O we define dA := ((a;)1<i<n, dA).

Definition 2.4.20. The denominator of a pseudo-matrix A is the minimal natural number d such that
dA is an integral pseudo-matrix.

The denominator ideal of a pseudo-matrix A is the maximal integral ideal d such that dA is an
integral pseudo-matrix.

2.4.3 Extension to the Determinant Algorithm

In this section, we present an algorithm to compute the determinant ideal of a matrix A € O™,
generalizing the method for determinant computation over integers by Storjohann. We use pseudo-
matrices and pseudo-normal forms as tools to achieve this. The basic idea of our approach is as follows:

d=0Oandq;=0Ofori=1,...,n.

A = ((a)1<i<n> A)

while A is not unimodular do

b = random matrix in K"¥!

Compute A’ such that Mod(A") =~ Mod ((O, (a;)1<i<n), [D | A]).
D = d[Mod(A’") : Mod(A)]

A=A

end while

In the next few sections, we elaborate this idea in details. The method is theoretically attractive and
efficient in practice.

Algorithm 7 Maximal Denominator Ideal (MaximalDenominator)

Input: A pseudo-matrix A = ((a;); <<y, A), where A € 0" and b € O™,
Output: M such that Mod(M) =~ Ob + | a;A; and the maximal denominator ideal of the pseudo-
matrix ((ai‘l) 1<i<n» ), Where s is the solution of the linear system Ax = b.
1: s=Solve(A,b)
2: S :[ 1 -5 ]tandsz(O,al‘l,...,a,jl).
3: 8= ((%)1<izn+1-S)
4: H,T = pseudo_HNF_with_transform(S)
5
6
7

: M = the lower block matrix of (T/[b | A]") with rows from 2 to n + 1.
() 1<i<n+1 = Coeflicient ideals of H.
: return M = (0 Dasisnr1, M), TT1, @ [T} b;! det(AM™")
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Given a linear system Ax = b, Algorithm[7]can compute the denominator ideal of the solution. This
is, with ideas from Posur [Pos] in private conversation. The construction works exactly as the minimal
triangular denominator computation in the integer case. Here we use pseudo_HNF_with_transform
algorithm which is implemented in Hecke [FHHI17|] based on [BEH17, Algorithm 5].

We prove that the Algorithm [7)is correct in two steps.

Theorem 2.4.21. Given a pseudo-matrix A = ((0;)1<j<p,A), where A € O™" and b € o> Al-
gorithm B constructs an equivalent pseudo-matrix M for ((a))1<i<n+1,A”) where A” = [ b A ]t and

=(0,a1,0,...,0,).
Proof. Let As = b, with the usual notation s =[ s1 ... s, ]t. Consider the O-module corresponding
to the pseudo-matrix S: Mod(S) = O(1) + Y7, a; “l(—s) = ?:11 siS;, where S = [ 1 -5 ]t and
= (O, a‘1 ...,a;"). We compute H, the pseudo-HNF of S with the transformation matrix 7 =

(tl ]) € GL,,+1 (K) As a matrix multiplication equivalence:

T : 8 — H, where Mod(H) = b; - 1 + X515, - 0
From the Definition [2.4.13] as abstract modules it holds:

n+1 n+1

OEB@ @sl—>@b,<=>tueb s;

From Lemma|2.4.18] on the dual side we have a map (17! )t = (tlfj)ij € GL,,+1(K) such that:

n+1 n n+
, _ _ (T *‘) _
fens! = D' =0ePu—— @b
i=1 i=1
Let N := (T‘l)t[ b A ]t, and denote N = [ N1 ... Npyi ]t e 0" with rows N;. We obtain a

module equivalence as:
( 71) n+1 -
Ob—I—ZaA Zbi]N,- 2.4.1)
We claim that Ny = O1x,, since

[b A1 =51 =01 = [b AIT'T[1 —s5] =04

T[1 =s1=[1 Opa]l = (b AITY =T b Al'=[Opw M]T,

where M =[ Ny ... Ny I
Since T € GL,,(K), (2.4.1) gives a transformation equivalence of two modules as Ob+ 3" | 0;A; =~
Z”“ b IN;. Elementary transformations allows us to delete the first row of Z”“ b; 'N; with its coeffi-
cient 1deal as it is a zero row. Hence, there is a module equivalence: Ob + Y7 | q; A ~ Z”“ b, IN; =
Mod(M). In other words, Mod(M) is the module generated by the pseudo matrix A" = ((a))1<i<n+1,A”)
where A’ =[ b A ]t and o’ = (0, a;,0z,...,0a,).
O

Theorem 2.4.22. Given a pseudo-matrix A = ((qa;),A), where A € O™" and b € O™, Algorithm E]
computes the maximal denominator ideal of the pseudo-matrix ((a;l)ls,-g,, s), where s is the solution of
the linear system Ax = b.
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Proof. Consider the two modules corresponding to the two pseudo-matrices A; = ((;)1<i<n,A) and
A = (a)1<i<n+1,A") as: My = Mod(Ay) = X7, ;A; and M = Mod(A') = Zf;ll a’Al. Using
Algorithm([7|with Theorem[2.4.21] we can compute a module M, = Mod(A,) with a pseudo-basis A, =
((9)1<i<n, A2) for some A, € K™ such that Mod(A,) =~ Mod(A’). Since Mod(A;) and Mod(Aj,) are
modules of full rank » and Mod(A;) € Mod(A»), the quotient module M,/ M; = Mod(A,)/Mod(A;)
is a torsion O-module. By Theorem[2.4.3|we have an elementary divisor form presentation as M/ M; =
i, O/v; for some elementary divisor ideals d; fori = 1,...,n.
We claim that the exponent ideal of the quotient module M,/M; is the same as the index-ideal
(M : Mi] =1, d =D, and it is equal to the denominator ideal of S = ((ai‘l)lsiSn, s).
Since elementary divisor ideals are uniquely determined by the isomorphism class of the module,
we have that (M')/(M;) = (Mp)/(My) = [T, b;. Since there is one additional basis element in M’
that is not in M, the quotient module M’/M; is cyclic. Therefore, by Lemma the index-ideal
is the same as the exponent ideal. Hence, we get the index-ideal [M, : M;] = WM/ M1)/O) =
D, where d is the product of elementary divisors. We can precisely compute d using the Theorem
which says that the index-ideal[M; : M;] is the same as det(A;)/ det(A,). Hence we have
b =12, o [T7, b;y' det(A;A51).
Let z be the common denominator of s. Since z is the smallest multiple of b such that s becomes
integral, it holds O(zb) € X | OA;. Therefore it holds that a(Ozb) € X! | w;A; = M; where a =
"1 a;. Since za is the largest possible ideal such that za(Ob) € M, holds, it is the denominator ideal of
Mod(S) = Y7, a;s;. Since the exponent ideal d is the largest possible ideal such that >M’ € M; holds,
we have d = za.
O

Algorithm 8 Determinant Ideal (PseudoDeterminant)

Input: A € O™".
Output: Determinant ideal of matrix A.
1: O = maximal order of K
n = rows(A)
h;=0Ofori=2,...,n+1
M=A,D =Ly,
while true do
b € O™, coefficients are chosen uniformly randomly from the interval [-100, 100] c Z.
s = DixonSolver(M, b)

1 xn
8: S:|: 01 :|95:(Oab29""bn+1)

A A R o

=5 Ty
9: S =((%)1<i<n+1>S)-
1. H = ((hi)1<i<ns1, H) = Pseudo_HNF(S), with inverse transformation U = SH™!
11: D = D(H[21n+1,2:n+1])
12 M= (0 Dasizart, M) for M= (U'] b |
13:  if det(M) is a unit then

]t)[Z:n+1,:]

14: D = ((hi2<izn+1, D)
15: return © = det(D)
16:  end if

17: end while

The Algorithm [§] PseudoDeterminant extends Algorithm [7] for determinant computation. Given
a matrix A, we apply a step of Algorithm [7| with the inputs: A = ((0);,A) and an arbitrary row matrix
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b. Then, we iterate the Algorithm [7} with the new inputs A = M (this is M < (M, b), the output
pseudo-matrix from the previous step) and another arbitrary matrices b, until M becomes unimodular
(det(M) is a unit). In Section We discuss a sophisticated algorithm (AlgoritthniCert) to test the
unimodularity of a pseudo matrix efficiently. The pseudo-matrix M eventually becomes unimodular,
since the O-module generated by rows of A is a sub-module of Mod(M) and, in each iteration, we make
random projections to reduce the determinant of M by a (large) factor of det(A), which is computed
using denominators of the solutions of linear systems Mx = b. Then, we can obtain the determinant
ideal © from the product of denominator ideals in each step. Finally, we use the CRT approach to
recover the determinant of the matrix A from the determinant ideal © (In another word, we continue
with Algorithm 6] passing the computed D to Step @).

We can illustrate the main idea of Algorithm [§]by the first two steps as follows:

Take A; = A, in each iteration i, for random b; € K™ let s; € K™ be the solution matrix
of the linear system A;x = b;. In Algorithm [/, we have considered the HNF form of one column
matrix [1 | — s;]". Therefore, the transformation matrix 7 is not unique, and matrix entries of 7' can be
arbitrarily large due to the kernel space. Thus, Algorithm [§] computes the pseudo-HNF of the full rank

O[ 1 01><n
o
of O ideals. The coefficient ideals of the pseudo-HNF of S; are indicated by (v;), b;)), where v;) is one
fractional ideal and b;) is an n-array of fractional ideals. Similarly, we denote the n-array containing
inverses of each ideal in b; by b 7!

pseudo-matrix: S; = ] where the coefficient ideal O in the second row is an n-array

=S Lixn

S =

o | 1 OIXn} Ty o [ * *} (2.4.2)

O | -s1 | Liw | — Db Onx1 | Hi

Let T be the transformation matrix, and we can compute it as follows:
o | L]
Tl = =
Owa | Hi || si Inxn Hisi | H,
Now we consider the relation of dual pseudo-matrices and apply the Algorithm as follows. We ob-
tain the pseudo-matrix Ay = (I)(‘ll), A») such that Mod(A;) ~ Mod(A’) where A’ = ((O)1<i<ps1- [b1 | A1]).
o! by 717" oy’ O1xn
0_1 Al — b(])_l Ao
If we apply the transformation 7'; on matrices as follows, we can see the relation between two n X n
matrices A; and A,.
by | _ Tt Ovan | _ | * ‘ Hisy O | _ *
Aq LA, % ‘ H; As HA;

This gives that Ay = H{A,. Let Ty = (t;;), from we have 7; ; € Oib(l);l for2 <i,j<n+1.

Since H = T12.p+1,2:n+1] We have the relation: (b(_ll),Az) i (O,A).

By Theorem the denominator ideal of S| = (O, s1) is []_, b(l)iO_l det(H)).

If (I)(‘ll), A») is not unimodular, we continue Step [7|of Algorithm [§| with another arbitrary matrix b;,
and produce the linear system A,x = b, with the solution matrix s, (We repeat Algorithm [/|for the
pseudo-matrix (I)(‘ll), Aj) and by). We use the coeflicient ideals fjy coming from the previous step in S
as follows:

(0] 1 01><n }
S, = .
2 b(l)[ —52 Tnsen
O [ 1 len] T2 D(2) [ * * ]
by —52 Lnxcn — D Onux1 H,

o! by | T,7" vyt O1xn
by~ Ay — Dby A3
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H

This gives A» = HA3z and the relation: (I)(‘zl),Ag) = (b(‘ll),Az). The denominator ideal of Sy =
(O, s2) s [T by; [T, b(_ll)l. det(Hy).

Suppose that iteration stops at step k, when (b(‘kl),Ak+1) is unimodular. Combining all the modular
equivalences, we get:

- H H H H
(O Ake1) = -+ —> (03, A3) = (b7, A2) = (0, A1)
Which can be reduced to the following relation:

HiH,H,
(s Aks1) —— (0, A1) (24.3)

Let H = H H,--- H; and I_)(k) = [17, bw),- We claim that the product of the denominator ideals
bk det(H) is the determinant ideal of A.
From (2.4.3) we have A| = HAy.1. Then it holds:

det(A)) = det(HAxs1)
det(A1)0 = [_)(k)f)(_kl) det(HAk+1)
= (b det(H))(bg) det(Ags1))-

When the pseudo-matrix (b(‘kl), A1) is unimodular for some k the determinant ideal is complete and
itis ® = f_)(k) det(FI) = 7:1 Do det(HH> - - - Hy).

Theorem 2.4.23. Algorithm|8is correct.

Proof. 1t is clear from the construction that the algorithm returns the determinant ideal of a matrix as
explained in the above discussion. Compared to the discussion, in Algorithm [§] for each iteration i we
have use the notation M for the output pseudo-matrix with the corresponding matrix A; = M. The
inverse transformation Tl.‘1 is denoted by U and the matrix H; = Hp.pt1 2:041]- O

Note that the sub-algorithm UniCert will be explained in Section [3] Practically this algorithm is
quite slow, and we discuss the obstacles to optimizing this step in Section[3.3] In our implementation, we
have tested the unimodularity of a matrix using the norm of det(A), which is computed as the determinant
of the corresponding integer matrix of representation matrices (nd X nd integer matrix). Then, we
compare norm(det(A)) with the product of norms of denominator ideals and continue the iteration until
we get the complete determinant ideal.

Similar to the integer case, in our application, we can generalize Definition [2.2.3] of the minimal
triangular denominator as follows:

Definition 2.4.24. A triangular denominator of a pseudo-matrix S = ((s;), S) is defined by any pseudo-
matrix D = ((v;), D) such that ((d;s;), DS) is integral and, D is a non-singular upper triangular matrix. A
minimal triangular denominator of S is a triangular denominator with minimal magnitude determinant
(i.e. min{norm(det(D))| D is a triangular denominator of S}). In another word , if D is a minimal
triangular denominator of S, then det(D) is the maximal denominator ideal.

Theorem 2.4.25. Let H = ((h;)1<j<ps1, H) be the pseudo-HNF of S in Step @] of the Algorithm@ Here,
S is corresponding to the solution matrix s of a linear system Ax = b. Then a minimal triangular
denominator of the pseudo-matrix ((5;)r<i<n+1- S) IS given by

((bigi_l )2§i§n+l P H[2:n+1,2:n+ 1])
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Proof. Let s = (5)2<i<nt1> D = (0i)a<icni1 and H = Hpo.p112:0+1]- Then for some transformation matrix
T we have the identity:
S = @) 1 01><n ] T b1 [ * *
s —S Lixn — b Onxi H
We have the following identity by applying Algorithm [7} considering dual relations. The pseudo-
matrix A, = (h~', A,) satisfies the relation that Mod(A,) =~ Mod(A’) where A’ = (O, s 1), [b | A]).
o [ b } T p! [ O1xn ]

51 Al — p! As

As we have explained above, we have that A = HA; and the relation (h 1, Ag) i (s7', A). It holds:

As=b & AH 'Hs=b < Ay(Hs)=b

Since, Ob C Mod(A,), we have that (b, Hs) is integral. It follows that (hs~!, H), where hs~! =
(b[si‘l )y <i<nl® is a triangular denominator for S = (s, 5). By Theorem the maximal denominator
ideal of S = (s, 5) is H:’:ZI I),-sl.‘l det(H). The maximal denominator is the exponent ideal, from which it
follows that (hs~!, H) is the minimal triangular denominator. O

Even though Algorithm [§|PseudoDeterminant theoretically correct, it is very slow in practice. In
the next two sections, we discuss a method to replace the Pseudo_HNF computation by an optimized
algorithm. After that, we can apply the normalization and reduction steps to avoid the coefficient swell

problem (Section [2.4.6).

244 Euclidean Algorithm in O

A minimal triangular denominator is not necessary in Hermite form. Storjohann, in his algorithm
hcol [PS13]], applies unimodular row operations to triangularize the input matrix using extended gcd
operations. Similarly, we use Algorithm [ which generalizes the extended ged to Dedekind domains
([Coh96, Theorem 1.2]). This is also a major step in pseudo-HNF algorithm and minimal triangular
denominator computation.

Algorithm 9 Euclidean Step (Euclidean_Step)

Input: Two fractional ideals a,b of ¥ and a,b € F.
Output: u,v € ¥ such thatav + bu = 1.
1: Compute d = aa + bb, 1, ad~! and bd~ 1.
2: Compute ¥ € aad~!' and iz € bbd~! such that v + iz = 1
3: returnv = va~' and u = b~

Suppose we are in the process of triangularizing the pseudo-matrix A = ((a;);, A) and working on
the i-th column. Let a; and a; be the coefficient ideal corresponding to the i-th row A; and j-th row A;.
We proceed as follows:

1. Setd « a;iaj+ a;;a;.
2. Compute v € a;d! and u € ;7! such thata;;v + a;;u = 1 using Euclidean_Step.
3. Set (aj,q;) « (a;a;071,d) and (A, A)) « (ai;Aj — a;iAi, VA; + uA)).

More precisely:

a (% ap; * L} b_l L *’ 2.4.4)
a; \* aj; * C(j(lib * 0 =
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. .. u y

where the transformation matrix is 7'; = ( )
—aii i
Jol 1,0

Experimental results show that these idempotents # and v computed in the HNF algorithm start large
and then collapse. It is also observed in the hcol algorithm, as the gcd of arbitrary integers eventually
becomes one. In the computation of the denominator ideal (Algorithm [7) we use the inverse transfor-
mation matrix of the HNF, which involve u# and v terms as entries. This results in a huge unbalanced
matrix making the computation more complicated, and we address this problem in Section [2.4.6|

2.4.5 Minimal Triangular Denominator

We can replace Step [I0]in Algorithm [§] with a cheaper algorithm, as we do not need to compute
the pseudo-HNF H of S = ((si)1<i<ns+1,S) precisely. In this section, we first explain the structure of
9H, which can be obtained by algorithm Euclidean_Step and row operations. Then, we present an
optimized algorithm, which constructs the pseudo-HNF of § as it is. Consider the matrix of S:

S:|:1 01><n:|

- In><n

(2.4.5)

Let S be the first column of S and take § = [1,s2,...,Sp+11" = [1 | — s]° where s = [s2,..., Sps1]
is the solution of the the linear system Ax = b (Step [7). As explained in Section [2.4.4 we apply
unimodular transformations (7’; in (2.4.4) for j=2,...,n+ 1 andi = 1) on S to reduce the first column
vector S, (starting from first two rows to the last row keeping the pivot in S1;):

The first step of Cohen’s HNF algorithm is to create the upper-triangular matrix (See [Coh96, Al-
gorithm 2.6]). In our case, because of the structure of S, we have to reduce the first column of S and
replace coeflicient ideals accordingly. In another words, we apply the transformation T = T, T, - - - T»
to S. Then, we obtain an upper-triangular matrix H of the pseudo matrix denoted by: H = ((b;), H) =

b L va upv3 UpU3 -+~ Uj_1V; UDU3 * + * Up V]
b2 0 1 -v3s —U3U4 " Uj-1V[S2 —U3U4 "+ UpVipi] 52
I)3 0 O 1 —UqU5 c - U1V jS3 —UqU5 -+ - Up V153
hji2 |0 —Uj-1VjSj-2 —Uj—1 " UpVp+1Si-2
hji-1 |0 —ViSj-1 —Uj " UpVpy1 Si-]
b; 0 1 —Ujt] " UpVpt1Si
bn—l 0 —UnVn+1Sn-1
Bn 0 “Vn+1Sn
bn+1 0 1

Now we can represent matrix entries of H with the following equation. Even though s; = 1, in the

following presentation, we consider s; = —1, to avoid the repetition of one more case.
0 ifi>j

—VjSi H;;Ll w ifi<j (Note:s; =-1)

Finally, columns of the matrix H can be reduced, using row operations as follows:
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1. for j=1,...,n+1do

2 fori=1,...,j—1do

3 Findr;;j € jb,-_l such that H; ; — r; j is small. (See [Coh96, Corollary 2.10])
4: Setithrow of H: H; = H; — r; jH; and, ithrow of T: T; = T; — r; ;T .

5 end for

6: end for

Now, we can define matrix entries of the pseudo-matrix H = ((b;), H), which is in pseudo-HNF as
follows:

0 if i>j
1 ifi=j
Hi’j - —V;jSi —Tij ifi+1=j (2.4.6)
i—1 -1 i—1 e .
=vsi TSy i+ X (V.iskri,k [ ”l) —rij ifi+1<j
Note: Here also we consider s; = —1.

The corresponding transformation matrix 7' can be obtained directly from row operations. Now we
present the new algorithm which computes the pseudo-HNF H of the pseudo-matrix S. Algorithm
is an extension of the algorithm hcol [PS13| Figure 1] which does not use explicit row operations to
compute the HNF.

Example 2.4.26. As explained in section we can reduce the column vector S = [1,s2,..., 841"
starting from first two rows:

91 1 T, D 1 [ u v _
5 (sz) —_— 55,07 (0),where T, = (—sz 1) and d = 575 + 9.

We can continue this proces upto the last row element s, to obtain the required trasformation matrix
T = T,---Ti and coefficient ideals of H. Alternatively, we can do the reduction, starting from s,
to s1 and obtain T = T T,---T,. Here we can see the construction of T for n = 3: T\T,T3 =

1Z5) %) us V3 Ug V4 UuruU3zU4 V2 uzvs UrU3V4
-5 1 1 1 | usugsy 1 —v3sy —uzvass
1 —S83 1 1 B —U4S83 1 —V483
1 1)\—s4 1 —54 1
When the transformation T = T1T,T5 is applied to S:
51 1 b1 1 vo wvy  usuzvy
S = 55} A\ 1 T] T2T3 b2 1 —V382 —U3V4S8)
53 |53 1 — b3 1 —V453
S4 S4 1 b4 1

After the column reduction, we have:

by 1 vo—ri2 uav3+V382r12 —F13 UpU3V4 + U3V4S2F1 2 + V4S3T13 — T4
S " 1 —V383 — 123 —U3V4S) + V4S313 — T4
— b3 1 —V483 — I24

ba 1
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Algorithm 10 Pseudo Minimal Triangular Denominator (PseudoHcol)

Input: A pseudo-matrix S = ((s;),S), where S € O™ as in (2.4.3).
Output: Pseudo_HNF(S).
by =91/S1.1
H=1I,
w =11, —s]
fori=n,---,2do
D=S;15+Dh
Compute v; € 55! and u; € h;d~! such that viSi1 +u; = 1 using Euclidean_Step.
h; = bh1s;/D
by =D>
end for
wp = -1
cfor j=2,--- ,ndo
if h; # 1 then
fori=1,---,j—-1do
H;;=-vw; (mod b;h; ")
w; = w; + H,',jo
end for
end if
: end for
. return H = ((b;), H)

R e A U ol S e

e e T e T e T e e
R A o R ol

Theorem 2.4.27. Algorithm[I0 correctly computes the pseudo-HNF.

Proof. The first part of the algorithm computes the coefficient ideals of the matrix in pseudo-HNF,
which follows from the construction as explained above in Section[2.4.4] For the second part, we define

w to be the updated w; at jth iteration in Step ng) = ng_l) + H;j_ywj_1. Take ng) = 0. We prove

1

by induction on j that holds for a fixed i.

OIS I . . ititl=j (2.4.7)
i wi HZI:_i+1 uy— Zl]i;’ﬂ (wkri,k HZI:_k+1 ul) if i+1 <j o

For the base case j = 2, we have W;z) = w?l) + H; 1w. Hence, (2.4.7) holds because wl(.l) = 0and
H1’1 =1.

Now assume that (2.4.7) holds for j = + — 1 where 3 <t < n+ 1. Letrix € I)kl)i‘l such that
—vkw(k) =Hijx+rigfork=i+1,---,r—1 as computed in Step Then, we can show that (2.4.7)

i
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holds for j = t as bellow. First, consider the case i < t — 2:

(r=1)
.+ Hiriwe

W0 =
l

w
=w, - wt_l(vt_lwl.t + rig-1)

wgt_l)(l — Vs iWi—1) — Wi—1Fig—1

WDy = weiri (2.4.8)

1

Now, we suppose that i = r — 2. Substituting wgt_l) = w; to (2.4.8)), we get wE’) = U Wi — W1 Fig—1
which is of the form (2.4.7). This shows that holds for j = t. Now we can derive matrix entries
of pseudo-HNF matrix H = ((b;), H) using Step|14| with the remainder r; ; as explained before.

0 ifi>j
1 ifi=j
Hi’j_ —ViW; —Fij ifi+1=j

-1 -1 -1 e .

—Vjw; H;:Hl u + le(:m (vjwkri,k H£+l ul) —rj ifi+l<j
This is exactly the same representation as (2.4.6)), and we fixed the sign of s; in Step[I0] This shows that
Algorithm[I0]is correct and it constructs the pseudo-HNF of a pseudo matrix of the form (2.4.5). mi

2.4.6 Normalization and Reduction

In Algorithm[7} we compute the pseudo-HNF instead of computing the minimal triangular denomi-
nator. Experimental results show that in both approaches, the matrix 7~! becomes an unbalanced matrix
which contains entities with few big-integer coeflicients and many zeros. Eventually this would result in
an expensive pseudo-HNF (Step[d)) computation and linear system solving (Step [I)), even for small ma-
trices. Also, faster algorithms in vector reconstruction methods fail in the presence of unbalanced linear
systems. Biasse and Fieker in their paper [BF12] provide a new polynomial-time algorithm to prevent
the coefficient explosion in the HNF computation of an O-module based on the modular approach of
Cohen [Coh12| Chaper 1].

Algorithm 11 Normalization of a one-dimensional module (Normalization)

Input: One dimensional matrix A € K™ anda € F.
Output: A’ € K™, o’ € O such that N(a’) < y* V[Ag| and aA = a’A’, and a scalar (a/k) € K.
1: a=kopa, A = A/ky where kg is the denominator of a.
2: b = ka~! where k is the denominator of a~!.
3: «a = shortest basis element of b (the first element of a lattice reduced basis of b).
4: return o’ = (a/k)a, A’ = (k/a)A and (a/k).

The strategy to prevent the coefficient swell is normalization which is the key difference between
their approach and the one of [Cohl2l Section 1.5]. The first step of Algorithm |11 ensures that the
coefficient ideals are integral. Since q;A; = aaq;(1/@)A;, for each of the row as a O-module, we can
adjust the coefficient ideals by scalars from K. Hence, given an integral ideal a of K, the algorithm
finds an integral ideal b such that ab~! is principal and N(b) is bounded by field invariants only. In this
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regards, the L2-algorithm is applied to find a small integral representative of the ideal class of a. The
given bound on the shortest basis element @ depends on the discriminant Ak of the number field K and
the constant v which depends on the choice of the basis reduction algorithm. See [BEH17, Section 4].

Given anideal a € ¥ and « € K, Reduction(e, a) computes & € K such that a—a € aand VT>(a@) is
bounded. In the pseudo-HNF computation, this reduction step helps to achieve a polynomial complexity
for the algorithm [BF12, Algorithm 3]. The algorithm Reduction which was introduced in [BF12] has
been generalized for integral ideals with a detailed complexity analysis in [BEH17, Proposition 15 &
Algorithm 1].

Algorithm 12 Reduction and normalization of a module (ReductionNormalization)

Input: A pseudo-matrix A = ((a;)1<i<n, A) Which is in Hermit form and the inverse U € K™ of the
corresponding transformation matrix.
Output: Normalized and reduced pseudo-matrix A with the updated inverse transformation matrix U.
1: fori=2,...,rows(A) do
22 forj=1,...,i—-1do

3: if Aj’,' = 0 then

4: continue

5: end if

6: I = a,-Ai,l-aj‘.l

7: « = Reduction(4;;,J)

8: q= divexact(Aj,,' - a/,A,-,,')

9: Add —gx i-th row of A to the j-th row of A.
10 Add gx j-th column of U to the i-th column of U.
11:  end for
12: end for

13: fori=1,...,rows(A) do

14:  q;,A;, s = Normalization(a;, A;)
15: Ul =sU!

16: end for

17: return ((a;)1<i<n,A) and U.

Since we have a special structure in the input pseudo-matrix, we don’t use the pseudo-HNF algo-
rithm. We use the optimized PseudoHcol Algorithm [10|to get the Hermit normal form on the pseudo-
matrix. Then we use the normalization and reduction steps to avoid the failures in the determinant
computation as we mentioned above. Algorithm [I2]is applied to the output of the PseudoHcol algo-
rithm with the inverse of the transformation matrix, to obtain a nice pseudo-matrix (As explained in
[BEF12]), practically we could obtain a balanced output). Here we denote the i-th row of the matrix A as
A; and the operation divexact(a, b) for a, b € K returns a/b where the quotient is expected to be exact.

2.4.7 Completion of the Main Algorithm and Complexity Analysis

In order to optimize the Algorithm 8] for determinant ideal computation, we require one more algo-
rithm for the completion.
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Algorithm 13 Inverse of an upper-triangular matrix (InverseUTriang)

Input: Non-singular upper-triangular matrix 7 € K™
Output: Inverse matrix of T

12 V=l

2. fori=1,...,ndo

32 Vii=1/T;;

4 for j=i+1,...ndo

5: Viji=—( Z,j;,l ViaTrj)/Tj;
6 end for

7: end for

8: return V

Theorem 2.4.28. Algorithm[l3]is correct.

Proof. Given a non-singular matrix 7 € K™, the algorithm computes the inverse of 7' by solving the
linear system UT = I,x,. Since, U is an upper-triangular matrix, the diagonal satisfies U;; = 1/T;; for
i = 1,...,n. The rest follows from the construction. We compute U; ; row wise (given i, compute U; ;
for ] =i+1,... ,n), by solving equations U,',,'T,‘,j + U,‘J'HT,'HJ +...+ Ui,j—lTj—l,j + U,‘J'Tj,j =0. O

In the PseudoDeterminant algorithm need the inverse transformation matrix of the pseudo-HNF
of S. Since, PseudoHcol does not compute the transformation matrix, we use Algorithm[13|to compute
the inverse transformation separately. We replace Step [I0] of Algorithm [§] by the following steps with
the input pseudo-matrix S = ((5;)1<i<p+1>S)-

H = ((b1)1<i<n+1, H) = PseudoHcol(S)

U = S(InverseUTriang(H))

H,U = ReductionNormalization(H, U)

Note that even though we have used the matrix (2.4.3) in S, for better understanding of the con-

< O1xn

—Zs Lnsen
denominator of s, which can be obtained by VecAlgRecon directly. All the theorems, proofs and the

implementation work with this new form of the matrix S.

We analyze the complexity of our approach over Q. As we explained before, once we have the
complete determinant ideal ©, we use CRT approach to recover the determinant of the matrix A from
units of the base field K. This is done by passing the computed D to Step @] of Algorithm[6] Hence, the
complexity of the ModularDeterminant algorithm is as before, except for the above mentioned steps.
More details regarding size and complexities can be found in [BEH17].

Let s4 = dlog(||All,) and d log(|| det(A)l|,) < B, then we have that B € O(ns,).

struction, it can be changed into an integral matrix as: § = ], where z is the common

e PseudoHcol(S): The first part of the algorithm uses ideal arithmetic which is an application of
Euclidean_Step, n times with the cost approximately O~ (nd M (B))).

The second part computes each entry of the matrix H. The cost to compute n>/2 entries is ap-
proximately O~ (n?>dMy(B)).

e InverseUTriang(H): Algorithm computes computes each entry of the inverse matrix. First the
diagonal is constructed from the inverses of existing diagonal entries with the cost O~ (ndM4(B)).
Worst case complexity for computing the strictly upper-triangular part of H~! takes O~ (n*>My(B))
bit operations (n-number of element products with #z-number of summation to compute n”/2 — n-
number of coeflicients).
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e ReductionNormalization(H, U): Reduction is done for all the non-zero entries of the matrix
H. Worst case the complexity is O~ (nd”(B/d)?) for applying the lattice reduction to n fractional
ideals. The reduction output is normalized with the same complexity, and applied the correspond-
ing changes to matrix entries with the total cost O~ (nd*(B/ d)2 + ndM4(B)). Here, B is the worst
case bound on the size of matrix entries and ideals. After the redcution and normalization the
paseudo-matrix has entries of the size s4. This phenomenon has been observed in the integer case
as explained in [PS13] Section 6], without any reasoning.

e The determinant ideal ® is computed as D = det(D) where D = ((h;)2<i<n+1, D). Since D is an
upper-triangular matrix, the computation of det(D) costs O~ (nM4(s4)). The product of two ideals
using the two-element representation takes O~ (M(s4)) operations as the storage requirement for
one ideal is O~ ((d+2) log(min(};))) and we multiply generators. Therefore, the product of n-ideals
cost O~ (nMy(s4)) operations and the total complexity of this step is O~ (nM;(s4)) approximately.

e Unimodular certification is done by comparing norms of the product of denominator ideals in each
step with the norm of det(A). The norm(det(A)) is computed from the determinant of an nd X nd
integer matrix, which is constructed from d X d blocks of representstion-matrices for each entries
of A. The integer-determinant computation takes a runtime of approximately O~ (nd?) log([|All,)-
The representation matrix of any @ € O can be computed with the complexity O~ (d>M(s4)), and
for the whole matrix, it cost O~ (n%d?sy).

Hence, the total complexity for determinant ideal computation is O~ (ndM4(B) + nd® (B/d)z), which
is approximately O~ (n*d? log(||All,) + n’d® log2(||A||¢)) bit operations. We need unimodular certifi-
cation only as a verification of the determinant ideal. It uses norm computation with complexity
O~ ((n*d®) log(||All,)) bit operations, which can be replaced by the complexity of UniCert algorithm
(Algorithm[14)). In the Section[3] we discuss the obstracles to use the UniCert algorithm in details.

2.4.8 Performance Analysis Based on Timings

We have implemented the above method (see [Sur21]]) for determinant computation using the Hecke
[FHHI17] software package. The timings in Table [2.2] show that the new method performs better than
the existing implementation in Hecke which is based on the deterministic algorithm [BFH17, Algorithm
3]. To illustrate the efficiency of the new method, we have computed timings using number fields:
K = QUx)/(x* + 7x + 1), K> = Q[x]/(f2) and K3 = Q[x]/(f3) for fo = x'® + ¥} (2(~x) and f3 =
X0+ 310 2(=x)'.

Table[2.2]shows times in seconds (m -for minutes and h- for hours) for the new approach (which uses
Algorithm [§] PseudoDeterminant (PDet)) for different choices of parameters: n- size of the matrix,
r- range of the input coefficients and d- the degree of the number field. Closer inspection of the results
shows that the new algorithm works much better for big matrices in small degree fields: for 500 x 500
matrix the new implementation computes the determinant, nearly 10 times faster than the existing one.
Nevertheless, over fields with larger degrees, the implementation becomes slow, due to the expensive
basis reduction algorithm. Also, the current unimodular certification method fails when the field degree
increases, and we can solve this problem with the ideas from next sections. Over fields of fixed degrees,
our approach performs well for large matrices, proving the complexity results in the previous section.
The algorithm also includes a proof of correctness of the determinant, using unimodular certification.
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r| —=10:10 —100 : 100 —10000 : 1000
n PDet Hecke | Quot | PDet Hecke | Quot | PDet Hecke | Quot
50 0.64 0.27 0.4 0.88 0.34 0.4 0.91 0.62 0.7
100 | 3.65 3.63 1.0 6.81 4.84 0.7 8.77 7.93 0.9
150 12.86 17.07 1.3 17.09 | 24.03 1.4 19.00 | 41.56 | 2.2
3 1200 | 2650 |5447 | 2.1 31.98 1.3m | 2.5 58.19 | 24m |24
250 | 5273 | 23m | 2.6 1.2m |34m |28 1.6m | 63m |40
300 15m |5m 3.3 19m | 7.6m | 4.1 26m | 141m | 5.3
500 [7.0m | 50m 6.6 82m | 1.2h 9.0 147m | 2.4h 9.6

50 13.81 | 2.65 0.2 12.59 | 3.23 0.3 21.67 | 5.26 0.2
100 I m 3527 | 0.6 1.bm | 5285 | 0.6 2m l6m | 0.8
150 | 32m |324m | 1.0 38m | 5m 1.3 6.7m |92m |14

10 200 | 77m | 11.7m | 1.5 92m | 175m | 1.9 158m | 32.6m | 2.1
250 163m | 294m | 1.8 194m | 48.1m | 2.5 432m | 1.5h 2.0
300 | 33.6m | 1.1h 2.0 432m | 1.7h 24 51.5m | 33h 39
50 37m | 891 0.0 28m | 13.12 | 0.1 53m | 2322 | 0.1
20 100 133m | 28m | 0.2 297m | 42m | 0.1 345m | 74m | 0.2

150 1.2h 16 m 0.2 13h 28 m 0.3 2h 403 m | 0.3
200 | 23h 539m | 04 57h 1.6h 0.3 37h 23h 0.6

Table 2.2: Timing for Determinant Computation Using Determinant Ideal.

2.4.9 Empirical Results

Here, we discuss some approaches which can be used to optimize the implementation.

Recovering Units

In the integer case, when the absolute value of the determinant is certified by the UniCert test, it
is easy to recover the sign of the determinant by computing determinant modulo an odd prime. In our
application, we can use a similar strategy to recover the missing unit, when the determinant ideal is at
the hand. Specially for small degree number fields, we can extend this idea easily by computing all the
units of K, and then recovering their exponents by CRT. This is not practical in fields of large degrees.

In our implementation, we can use a different approach. Consider Algorithm §]for determinant ideal
computation. For a matrix A € K™, let © = det(D) where D = ((I););, D) be the output of the algorithm.
Let M = ((bl.‘1 )l., M) be the unimodular pseudo matrix which is tested to be true in Step 12. Due to the
normalization and reduction steps, the coefficient ideals of 9 and M becomes trivial or very small. Now
we can use the fact that A = M D, to compute det(A) easier. The matrix D ia an upper triangular matrix,
hence the computation of det(D) is cheper. We can compute the determinant of M using CRT with few
prime numbers, as det(M) is a small number or a unit. This computation is faster than we recovering
units, using the CRT with the ideal .

Unimodular Certification as a Z-Module

Suppose we have to certify the unimodularity of a full-rank pseudo-matrix A = ((a;)1<;<,, A) over O
with A € O™ and associated module M C O". Here, we explain a way to turn this pseudo-matrix into a
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dnXxdn matrix over integers (Z-module M of rank dn), so that we can directly use the UniCert algorithm
in [PS12, Figure 2]). For coefficient ideals (,);<;<,, there is the isomorphism a; — Z%. Therefore, as a
Z-module, we have M = qjA| +- - - + 0,4, = Z%". Consider the coefficient ideal a; and an element of the
i-th column of A as 8 € O. Let a, ..., aq be the HNF basis of a;. Then the coefficients of the d products
Bai,...,Bay form a d X d integer matrix. We can obtain the dn X dn integer matrix, by applying the
same procedure for all the matrix entries of A. This construction has the complexity of O~ (n*d>) (See
[BEH17, Section 6]).

Dixon Solver without Reconstruction

In our implementation, we use norm(det(A)), which is computed using the integer matrix of repre-
sentation matrices of A as a tool for unimodular certification. We can also use this information to get
rid of the expensive lattice reduction step in the reconstruction of the solution of Ax = b. Using the fact
that, denominator is a divisor of the determinant, we can solve the linear system Ax = norm(det(A)) - b,
instead of solving Ax = b. We can use Dixon solver without the reconstruction step as we do not get
denominators for the solution. Eventually, the p-adic expansion gives the solution of the linear system,
when the required precision for the prime power is reached. However, we have to iterate Dixon lifting
steps to a higher precision than it is required for algebraic reconstruction. Therefore, in practice, we
could not observe any runtime improvement, even though the complexity gets better than before.



Chapter 3

Unimodular Certification

In terms of cost, both in theory and in practice, the dominant step of the determinant algorithm for
integer matrices is the unimodular certification. A deterministic unimodular certification algorithm was
presented by Storjohann in [PS12]. It uses the asymptotically fast double-plus-one lifting (which
works in the usual symmetric residue system) to compute the high-order residue. In this section, we
generalize the unimodular certification with its double-plus-one lifting over pseudo matrices.

3.1 Unimodular Certification for Matrices over Z

Given a square, non-singular, integer matrix A € Z™" along with a lifting modulus p € Z relatively
prime to the determinant of A, double-plus-one lifting begins with the initial inverse By = A~! (mod p)
computation, then a step of division-free quadratic lifting doubles the precision yielding B; = A~!
(mod p?). Then a step of linear lifting corrects the overflow occurred in previous step and increases
the precision by a power of p yielding B, = A~! (mod p?). Alternating between quadratic and linear
lifting, at each stage, the precision of the computed inverse B; (which is congruent to A~! (mod pk) for
some k € Z) is doubled, plus an additional power of p (yielding B;;| = A" (mod p**1)). (See [PS12])

The motivation to double-plus-one method is that: neither linear nor straight quadratic lifting is
ideal to compute residues of high-order. Because linear lifting computes small coefficients at each step,
but the total number of steps grows. Conversely, quadratic lifting requires only a few steps to reach the
precision, but each subsequent residue is twice the size of the last. Double-plus-one interleaves linear
and quadratic lifting such that it computes small coefficients and reach the required precision within a
few steps.

Also it produces a high-order residue R € Z™" such that AA7! (mod p*) = I+ Rp*. If Ais a
unimodular matrix, then A~! is integral and, it holds A~! = A~! (mod p*) for a large k. In other words,
A~! has a finite p-adic expansion with symmetric residues. Then the high-order residue R becomes a
zero matrix, provided that p and k are large enough.

3.2 Unimodular Certification for Matrices over Number Fields

For the unimodular certification of pseudo matrices we apply the same argument as in the Z case.
Here, we use the two element presentation for ideals. The algorithm checks whether the corresponding
dual of the pseudo matrix A = ((q;), A) is integral: by computing a high-order residue P € O™ such
that A='D = (A™'D (mod p*)) + A~'Pp* where D is a diagonal matrix containing each generators of
(ai‘l)i on the diagonal. The basic idea is as follows:

49
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A = () 1<i<n> A)
D, = diag(gen_one(ai‘l)i), D, = diag(gen_two(ai—l)i).
Choose p and k appropriately.
for j=1,2andi=0,...,kdo
So=A"'D; (mod p)
Use double-plus-one to compute S; and P; such that A™'D; = §; + A‘le,,-pz”l‘l.
end for
if P;; = Opx, for j=1,2and i < k then
return true
end if

Here also we use the modular reduction in the symmetric range: for a number field element a € K
and an integer p which is relatively prime to the denominator of a, a (mod p) gives the number field
element with unique coefficients a; for 1 < i < d in the usual symmetric range modulo p. That is
a; (mod p) € [-(p—1)/2],Lp/2]]. The next two lemmas which will be used in the main theorem,
directly follow from this explanation.

Lemma 3.2.1. |[(a (mod p));|/p <1/2

Lemma 3.2.2. If a; € Z satisfies |a;| < p/2 then a (mod p) = a.

3.2.1 Linear and Quadratic Lifting

The following theorem provides the idea of linear lifting especially in our application (see [PS12}
Theorem 3]).

Theorem 3.2.3. Let A € K™ " be non-singular and p be relatively prime to det(A). IfA™'b = S +A~' Pp*
for some b,S,P € K™" and k € Zsq, then for N € K™ such that N = A™'P mod (p!) it holds
A7 =8 + Npk + A~V P p&*l swhere P’ = (1/p')(P — AN).

We have chosen/ = 1 and N = A~'P (mod p) in this section. The Theorem which gives the
idea of division free quadratic p-adic lifting in our context is a generalization of [PS12| Theorem 4]

Theorem 3.2.4. Let A and p be as before. For any b,B,S,R, P that satisfy A™' = B + A™'Rp and
A'b =S + A'Pp, we have A" = BU + Rp) + A"'R*p?> and A"'b = S + BPp + A"'RPp>.

Proof. Both side of the equation A™! = B+ A~!'Rp is multiplied on the right by Rp, and we substitute in
it self replacing A~ Rp by the new equation. A~! = B+ A~'Rp = B+ BRp + A"'R?p?. Similarly, both
side of the equation A~! = B+A~!Rp are multiplied on the right by Pp and substitute A~'b = S + A~ Pp
replacing the term A~! Pp by the new equation. O

3.2.2 Double-Plus-One Lifting

In this section we devise a modified double-plus-one lifting step over O, interleaving linear and
quadratic lifting as usual in the integer case. Define p; = pzlﬂ‘l. Then p;y1 = pl.zp for all i > 0. Here,
we compute matrix B; = A~! (mod p;) and matrix S; = A~'h (mod p;) fori = 0,1,2... in succession,
as bellow.

We initialize with By = A™' (mod p). It holds A~™! = By + A~'Ryp for the residue Ry = (1/p)(I —
ABy). We initialize the expansion of A~!b by computing S = Byb (mod p), which is congruent to A~'b
(mod p). Then, we compute the residue Py = (1/p)(b — AS o), and we obtain A'b=So+ A Pyp.
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Combining linear lifting modulo p terms of A~'b and A~!, we obtain the quadratic lifting terms as
below using the Theorem [3.2.4}

A_lb = So + B()P()p +A_1R0P0p2
A™"'= Bo(I + Rop) + A™'Ry*p?
Now we compute the additive terms My and Ny which encode a single step of linear p-adic lifting as
explained in the Theorem [3.2.3]

No=A"'"RyPy (mod p) = ByRyPy (mod p)
My =A""Ry> (mod p) = ByRy> (mod p)

Then, it holds A™'b = S + ByPop + Nop* +A~' P, p>, where the residue P; is (1/p)(RoPy — ANp).
S
Similarly, A=' = Bo(I + Rop) + Mop® +A~'R,p>, where R| = (1/p)(Ro*> — AMy).

B,
If, we let B; and S| be as above, then we have the same format:

A_lb =5 +A_1P1p3
A7V =B+ AR PP

Again, we can obtain the division free quadratic lifting as bellow:

AT =S, +BPip’ + AR P p°
AV = BT+ Ry pP) + AR pO

Continuing this, we obtain the following sparse inverse expansion, as a sum of matrices having small
coefficients.

A~" (mod py) = (-~ (Bo( + Ropo) + Mop*)I + Rip1) + Mip}) + -+ + Mip}. )

The expansion for A~'b (mod pi):

A7'b  (mod p;) = So + BoPopo + Nop® + BiP1p1 + Nip} + -+ + N1 p? . (3.2.1)

3.2.3 Bounds on the Maximum Coefficient of A~'b

Let C = max({||All,, |1bll,}. Here, we derive a bound for the maximum coefficient of the numerators
of matrix entries of A~'b in Lemma (this is similar to the construction of Lemma for
bound on || det(A)||,). Then, we use Lemma and Lemma to explains Algorithm [T4]in the
Theorem [3.2.6] Moreover, we can extend these results with (3.2.1)) to a linear system solving algorithm.
We could obtain better runtime as we use high-order lifting and a faster vector-reconstruction method

(Section[1.3.6).
Lemma 3.2.5. Suppose A™'b is integral. Then, it holds | A~ bll, < (c)/*(cind)"/*)C".

Proof. Using the Hadamard bound, we can compute a bound on the size of coefficients of A~'b as
follows. Consider the corresponding conjugate matrices of A and b as A and b fori = 1,...,d. Lete
be the matrix entry of A or b with the maximum norm. For all i = 1,...,d, let ¢ be the corresponding
ith conjugates of e and ¢; be the ith coefficient of e. Since A~'b is integral, the denominators of the matrix
entries of (A(i))_lb(i) are all one, and the absolute values of the numerators are bounded by n/2|e|".
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Now we let m be the matrix entry (number field element) with the maximum coefficient of 'y
(in another word, matrix entry which has ||A‘1b||¢ as a coeflicient). Applying T,-norm, it satisfied:

. 2 . . 2 o 2 n . 2 n
Ta(m) < YL ne®|™. Tt is easy to see that: Y n"le?|™ = n" 3L (Ie?) < n"(zj’:1 le®] ) Now
. . . 2
using the fact that |e;] < C we can change the norm and obtain a bound on coefficients: Zf: 9 <
cl Zf.l:l lei* < ¢ Z?:l C? = ¢1dC?. Combining above three inequalities, we get: T»(m) < n*(c;dC?)".

Let m; for 1,...,d be the coefficients of m. Then, we have ||A‘1b||¢ < (Zflzl m,~2)1/2. Combining
this with changing norms on m, we obtain a bound on ||A‘1b||¢ as follows: Z?:l m < c3Ta(m) <
en’(c1dC?)" = |A7"bll, < (e *(cind)")C™. o

Algorithm 14 Unimodular Certification (UniCert)

Input: A pseudo-matrix A = ((q;), A).
Output: true if A is unimodular, false otherwise.
1: ¢1,c2 = norm_change_constants(O).

2: Dy = diag (gen_one (q;7!);), D, =diag (gen_two(q;”"),)
3: C = max{||Allg, [ID1llg, [ID2lly}-

4: Choose a prime p € Z with p 1 det(A) and p > max{10000, 3.61n*d*c}c,C}
5: Choose k such that p?_| > (ca(cind)")'*C" |(n*d>C).
6: Bo= mod (A7, p)

7: My = By,Ry =1

8: fori=1,2do

9: No = mod (ByD;, p)

10: Py =D;

11: for j=0:kdo

12: Ty =R3, U, = R;P;

13: Rjs1 = (T, — AM))

14: Pji1 = 3(U, —AN))

15: if Pj+1 = O then

16: break

17: end if

18: Mj+1 = mod (ByT), p)

19: Njs1 = mod (ByU,, p)

20: if j =k then

21: return false

22: end if

23:  end for

24: end for

25: return true

3.2.4 Algorithm for Unimodular Certification
Theorem 3.2.6. Algorithm[I4]is correct.

Proof. The pseudo-matrix A = ((a;), A) is unimodular if and only if dual(A) = Ap = ((a;"1), A7)
is integral. Let D be a diagonal matrix which has the generators of the ideals (a;~!); on the diago-
nal (as explained in Section @L generators can be computed, and in Algorithm @ we take Dy;; =
gen_one(a;~") and Dy;; = gen_two(a;~ ") fori = 1,...,n). In order to decide the unimodularity of A,



3.2. UNmMODULAR CERTIFICATION FOR MATRICES OVER NUMBER FIELDS 53

it is sufficient to check whether DA™ is integral for both generator sets separate. Since D is diagonal
it holds DA™ = A~!'D. Therefore, Algorithm (14| checks whether A~'D is integral for the two cases
D = D; and D = D,. Now we prove the following claim for one case. Let C = max({||All,, [|Dll,}.

Claim: Let p > max{10000, 3.61n2d2c%czC}, then it holds that ||B;l|,, IS ill, < 0.6p;, and

IRilly, lI1Pill, < 0.6001ndcy Afca C for i, 0 < i < k. Moreover, if k is chosen large enough to satisfy
p,%_l > (cz(clnd)”)l/ZC”/(n2d2C), then A~'D is integral if and only if Py is the zero matrix.

Here, the bound on p (i.e. p > 10000) is chosen such that, the size of p does not effect to obtain
the bounds on the intermediate output as shown in the proof, and any lower bound which is greater than
10000 would work.

Using induction on i, we will prove that the following identities and bounds hold on outputs.

A'=Bi+A'Rip; and AT'D=S,+A7'Pip; (3.2.2)

IBill, < 0.6p; and [ISll, < 0.6p; (3.2.3)

where B; = Bi_{(I + Ri_1pi-1) + Mi_1p;_, and S; = Si_y + Bi_1 Pi_1picy + Nis1p7 .

For i = 0: the identities (3.2.2) directly follows from Theorem [3.2.3] (we can consider b to be the
identity matrix in the first case). Since we use the modular reduction in symmetric range all the coeffi-
cient of matrix entries of By and Sg are lie in the range [— |(p — 1)/2], | p/2]]. Hence, the inequalities
(3.2.3) holds for i = 0 due to[3.2.1}

Now we suppose that (3.2.2) and (3.2.3)) hold for some i, i > 0. Applying division free quadratic
lifting step from Theorem [3.2.4] we have

A_l = Bl(l + Ripi) + A_lRizpl-z
A'D =S, + B;P;p; + A"'R;P;ip? (3.2.4)

Then, Theorem [3.2.3] gives:

A" = Bi(I + Ripj) + M,~p,-2 + A7 Riv1 pis
A™'D = Si+ BiP;ip; + N,-pf +A_1Pi+lpi+1

which shows that (3.2.2) is satisfied for i + 1.
Given bounds on [|B;||, and IS ]|, we can compute bounds on ||R;ll, and [|P;||, using (3.2.2).

R = (1/p)(I - AB)
IRilly < (1/pi) + 0.6ndey Vez JAll, from p 2 10000, (23 and Lemma[T3.27
< 0.6001ndc, \/C_2||A||¢
< 0.6001ndcy \Jc; C

P; = (1/p)(D — AS )
IPilly, < (IDl,/pi) + 0.6ndcy ez ||All,
< 0.0001||D]l,, + 0.6ndc; e |IAll,
< 0.6001ndc; e2C
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The computed bounds on R; and P; gives the following two bounds, which can be used to prove

@.2.3) fori+ 1.

I1B:(I + Rip)ll, < IBill, + ndey Ve lIBill IRl pi
< 0.6p; + ndcy Ac2(0.6p;)(0.6001ndcy vcz C)p;
= (0.6/p; + 0.36006 n’d*cic; C)p?
< 0.36012 n*d*cicy C p? (3.2.5)

IS + BiRipill, < IS ill, + ndcy vea ||Bill lIRill, pi
< 0.6p; + ndcy \/c2(0.6p;)(0.6001ndc; v/c; C)p;
= (0.6/pi + 0.36006n*d*c2 c,C) p?
< 0.36012n%d*cc, Cp? (3.2.6)

Then, we apply computed bounds on expansions of B;,; and S ;41 as bellow:

IBistlly/ pist = 1Bl + Ripi) + Mipill,/(p} p)

<0.36012n%d*2c,C/p + 1/2 from (3.2.3)) and Lemma [3.2.1
<06 as p > 3.61n*d*ctc,C)

IS i+1llp/pict = ISi + SiRipi + NiP,-zllw/(P,-ZP)
< 0.36012n°d*c1erC/p + 1/2 from (3.2.6) and Lemma [3.2.1]
<06 as p > 3.61n*d*clc,C

This shows that (3.2.3)) holds for i + 1 and similar to the case i the bound on R;;; and P;;; can be
shown by induction.

Finally, we will show how to get the bound on number of lifting steps k needed, to certify the
integrality of A~'D. Suppose Py is zero for the chosen k. Then, from (3.2.2) we have A~'D = § which
shows it is integral. By Lemma we have that ||A‘1D||¢ < (cé/ 2(c1nd)"/ 2)C”. Then, we get the
bound on ||A_1D||¢ with respect to the chosen py_; such that p,%_l > (02(01nd)”)l/zC”/(n2d2C):

IA~' DI, < n*d*Cp;_, (3.2.7)

In Algorithm at the step k — 1 of double-plus one lifting, we have Sy_| + Br—1 Pr—1pr—1 = A"'D
(mod pi_l) from quadratic lifting. Equivalently, for some error term E we have

AT'D = Si—1+ Br-1Pr-1pi-1 + Ep%_l (3.2.8)

The size of the error term can be bounded using the presumed size of pi_ , and bounds on the other
terms.
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E=(A"'D - (Sk-1 + Biot Prcipe-)/ iy
IEll, = IA™' D = (Sk-1 + Bic1 Pici pe-D)ll, / Py
<IA™'Dlly/p_y + 1S k=1 + Be1 Pici piill,
< n?d*C +0.36012n%d*C from (3.2.6) and (3.2.7)
<p/2 as p > 3.61n>d*C by assumption

Consider the quadratic lifting step: equation (3.2.4)) for i = k — 1. Now we can relate the residue
Pi—1 and Ri_; of (3.2.4) to the error E of the equation (3.2.8)) and obtain:

A'R_ P, = E. (3.2.9)

Using linear p-adic lifting, the last step of the double-plus one lifting computes the correction Ny_; =

ARy Px_y which is also equal to E (mod p) by (3:2.9). Since the size of the error satisfies ||E]|, <

p/2,by Lemma[3.2.2] we get E (mod p) = E. Hence Nj_; exactly captures the error: Ni_; = E.
Finally,

P = (1/p)(Rg-1Pr—1 — ANj-1) by Lemma[3.2.3]
= (1/p)(Ri-1Pr-1 — AE) asNi_; = E
=0 by equation (3:2.9).

O

According to Algorithm [I4] the double-plus-one lifting performs k lifting steps. The cost of each
step being six multiplications of matrices in which the size of coefficients of each operands A, By, Ri, P;,
Mi, N; are bounded by M = O(log(p) + log(ndC)).

Theorem 3.2.7. The complexity of Algorithm|14|is O~ (n3d> + n>d).
Proof. The number of steps satisfies k € O(log(n)).
e The computation of A~! (mod p) has the complexity O~ (n’d?).
e The complexity of one matrix multiplication is O~ (n?d).

Hence the total complexity is O~ (n3d? + n>d*) over Q. o

3.3 Residue Number System

This chapter outlines an approach to obtain an optimized (high performance) implementation of the
UniCert algorithm over number fields. As mentioned in [PS12] over integers, Storjohann’s algorithm
is efficient in practice. Even though we could expand the concept and obtain similar complexities over
number fields, practically we could not achieve better performances as in [PS12]], as we do not have
access to a highly optimized library such as BLAS- Basic Linear Algebra Subprogram in [BPP*02] in
Julia.

Residue Number System (RNS) is defined by a set of coprime integers m = {my, mo, ..., my}, where
each individual members is called a module. For any given base m, the residue representation of an
integer x is the k-tuple, (x1, x2, ..., xx), where x; are integers defined by x; = x mod m; and 0 < x; < my;
for every i.
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Basic Linear Algebra Subprograms over Z

The overarching approach to the implementation is mainly due to the usage of a highly optimized
implementation called the Basic Linear Algebra Subprograms (BLAS) [BPP*02]. It provides low-level
linear algebra routines by the Automatically Tuned Linear Algebra Software (ATLAS)[WD98|| which
operates only on matrices of double-precision floating-point numbers. They use CRT modular scheme to
work with matrices of arbitrary large integers. Since double-precision numbers can only be represented
by integers less than 233 (as 12 bits are used for the sign and exponent), computed values in each
stage must meet this bound to maintain the exact result. Therefore, it computes the largest value p
such that a residue number system backed with BLAS operations: the result of a product between two
matrices of dimension n must be exactly representable in the 53 bits of a double’s mantissa. Hence, each
modulus p; must satisfy n(p; — 1)*> < 233 — 1 and the largest prime py in each basis is chosen such that

Pk < (V4B - 1)+ 1+ (2n - 1))/2n.

High-Order Residue Implementation over Number Fields
In general, the idea to multiply together two integer matrix A and B over integers is:

(i) Use multi-modular reduction to get A and B in a residue number system (RNS) modulo a bunch
of primes p that satisfy n(p — 1) <253 — 1.

(ii) For each prime p in the residue number system compute the matrix product AB (mod p) using
the BLAS implementation.

(iii)) Reconstruct AB over Z using CRT.

The main idea to obtain a highly optimized implementation is minimizing the number of calls to Step
(i) and the expensive Step (iii), and keeping all matrices in the RNS throughout the computation. For
example, in our application with the double-plus-one lifting, all matrix multiplications which are actu-
ally modulo p = p1p2---prand g = q192 - - - qm, are carried out with matrices in the RNS with respect
to p and g as explained below.

As was mentioned in the previous section, in the unimodular certification we compute two more
parameters p and k (the base of the p-adic lifting and number of lifts required) to be used in the iteration
with double-plus-one lifting. As required by Theorem [3.2.6] p and k were selected to be sufficiently
large. Similar to the implementation of Storjohann, here also we employ a standard modular scheme to
allow the algorithm to work with matrices of arbitrary large integers despite the limitations coming from
the interface libraries. Using the bound on intermediate outputs R; and P; (Theorem @]} we choose
moduli set Q = {g1,¢2,- - ,qm} With ¢ = q1g2 - - - g, such that ¢ > 1.2002ndc| /c2C and n(g; — 1)? <
253 _ 1. Also, we use another set of prime moduli ¥ = {py, p2,..., p;} with p = pyp> -+ p; such that
p= 3.61n2d2c%czC and n(p; — 1)> < 2% — 1. Then, the p-adic lifting steps are replaced by operations
modulo p; fori = 1,...,1. It is required to convert between two residue systems, while working with
two co-prime bases. Hence the following conversion steps have to be introduced to Algorithm[14] The
code Convert(Ap, Q) converts the array of matrices Ap which is over basis P, to the basis Q and vice
versa. Methods of conversions are explained in the next sub-section.
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By = mod (A~!,P)
Rpy = mod (I,P), Ppy = mod (b, P)
for j=0,--- ,kdo
Tp = R7>§> Up = Rp;Pp;
ij = B()T;D (mod P)
Np; = BoUp (mod P)
Mg ; = Convert(Mp;, Q)
Nq; = Convert(Np;,Q)
Rqj.1 = (Rqj — AqMq))/p) (mod Q)
Pqj1 = (Pq; — AqNg;)/p) (mod Q)
Rpj,1 = Convert(Rq . P)
Pp ;. = Convert(Pqj,i,P)
end for
Here, # must be distinct from Q as p is required to be invertible with respect to the basis Q. More-
over, the two coprime moduli p and g must satisfy p > 3.61n2d2c%czC > g > 1.2002ndc; A/c2C.

3.3.1 Basis conversion in a residue number system

In this section we discuss few possible methods which can be used for converting between residues
in the two co-prime residue number systems: Given a representation of x € Z, as [[x] pio [X]pys o5 [X] pl],
in basis  move to an equivalent representation in basis @, as [[x]ql, [xlgps---s [x]qm]. Here, the square
brackets with indices will denote modular computation x (mod p) = [x],. In our application, we can
take x = A, and given the residues in base P, the residue representation for the basis @ can be computed
using same methods.

Conversion using CRT

We can use the CRT to get the fixed-radix representation from RNS as:

I
x=[x], = [Z Si[[x]pfsi_l]l’i]p’
i=1

where s; = p/p; and sl.‘1 the multiplicative inverse of s; (mod p;), such that s‘ls, (mod p;) = 1. We
can take the use of CRT to achieve the base extension as [x]q = [[x] ] for j = 1,2,...,m. But the
usual CRT computation is expensive, as the intermediate values such as the inner sum computed to the
full precision could be arbitrary large. Hence, Shenoy and Kumaresan in [SK89] introduce an additional
redundant modulus which helps to cut-down the bit length of the arithmetic to be used.

We can slightly modify the CRT result as x = Zﬁz L Sill] pisi_l]p,- — Rp with an unknown error term
R. The correctlon term can be computed using the redundant module p and the corresponding redundant
residue [x]; a [ ([ Zl 1 si[[x] P s;l]pi]ﬁ — [x] p)] The requirement that the redundant module

p

has to obtained 1ndependently, makes this approach unusable in some applications. So Posch and Posch
in [PP93]] present a different method to compute the correction term R.

The Approximated Base Extension

Consider the equation x = Zle s,-[[x]p,.sl.‘l]pl_ — Rp, dividing each term by p yields: R + %x =
S ~11 . For each i, we denote the weights w; = [s7']/p; and we can rewrite the equation
i=1 p l Di g 1 p q

as a welghted sum of all [x],, as: R + x = Zl 1 [x]p,wi. Clearly R is an integer, since x is reduced
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modulp p, A/p is a matrix having rational entries less than one. Thus we can ignore the term x/p and
get an approximated expression for R as R* = LZle [x],,w:] which gives either R or R — 1. A method to
figure-out the error term R, has been described in [PP93| Section 3] with an associate error bound & on
R*. In this application € < 1/pmax, as explained in [Paul3l Section 4.2.1] for integer case. Hence, we get
the error term Ras R = I_Zf: | [x]p,wil, and once we have R in hand we can continue the basis conversion
without reconstructing [x], to the full precision: For j = 1,2,...,m the representation corresponding to
the basis Q is:

)
g, =[] [sillelpesi ', ], 1, = PRI, ]

i=1 !

The Mixed Radix Number System and Conversion

Given the radices pi, p2,...,p;, any x € Z can be uniquely represented in mixed-radix form as
xX=aq Hﬁ;% pi +ai-1 Hﬁ;f pi + -+ ayp1 + a; where a; < p;. This particular formulation is called the
mixed radix number system and this weighted, positional number representation is also called mixed
radix representation. The coefficients a; are called the mixed radix coefficients, which can be ob-
tained recursively in [ — 1 steps from the residues [x],,, [x],,,...,[x],, corresponding to the modulis
P1, P2, - - ., pi. Given the residues we can briefly explain the construction of mixed-redix representation
as follows:

Fori = 1, let a; = [x],,. To find ay, lets consider x —a; = a; Hf;% pi + aj— Hf;% pi+ -+ axpr
and reduction modulo p; yields [x — a;],, = [a2p1],,. Rearranging terms and substituting [x],, we get:
a) = [[pl—l]pz([x] P al)]pz' Continuing this process, the mixed radix coefficient a;, can be retrieved

from the residues as:

-1 1-2
a; = [[( 1—1 pi)_l]Pl([x]pl = (a1 npi +otagpy +an)ly,.
i=1 i=1

For computational purposes we can reform these terms to exploit some more parallelism with a
recurrence relation (refer [OPO7, Section 7.2]). Thus, the residues in a base extended modulus can be
obtained by computing

-2

-1
[x]PM = [[al 1_[ pi]pm + [al_l 1—[ pi]l’m toeed [azpl]Pm + [al]Pm]
i=1

Pt
i=1 "

3.3.2 Conclusion

Depending on the method we used for the Convert implementation, the quantities s;, multiplicative
inverse sl.‘1 weights w; and ]—[3.:1 pj can be used throughout the algorithm as precomputed data. The new
unimodular certification algorithm uses higher-order liftings and residue number systems. The same
algorithm can be extended to solve linear systems using fast lifting methods. In our implementation,
we use residue fields of O corresponding to degree one primes(totally split primes) to obtain better
performance as in the integer case. We have been able to extend the techniques which are used in
the state of the art method for determinant computation in [[PS13]] to number fields. We could achieve
theoretically faster methods with better complexities. In communications with Storjohann, we figured
out that we need the access to a highly optimized low-level libraries such as such as BLAS [BPP*02],
ATLAS [WD98]] or OpenBLAS, for further improvement. However, without having a highly optimized
library, it is difficult to obtain a fast implementation for unimodular certification. The purpose of this
chapter was to provide suggestions for further improvement and speculating on future directions.



Chapter 4

Algorithms for Solving Non-square Linear
Systems over Number Fields

In this chapter we present a deterministic algorithm for solving a non-square linear system over
number fields. As the solution is not unique, we compute a basis for the kernel to normalize the solution.
The implementation accompanied by a fast algorithm to compute the kernel of a matrix of any size. In
both two cases, a modified version of the Dixon algorithm is used. Preconditioning techniques can be
applied to optimize this computation using maximum rank sub-system. The algorithm works for integer
matrices as well. We rigorously assess its complexity as O~ (m3d? + m>nd + m*>d®) bit operations, where
as the Gaussian method takes O~ (m>n’d?) bit operations to solve a linear m X n system Ax = b over
number field K of degree d.

4.1 Introduction

Solving linear nonsingular, square systems is a well studied classical problem. The classical method
using Cramers rule and Gaussian elimination methods would take cubic number of operations. Here
also we face the computational phenomenon: intermediate coefficient swell. Cabay and Lam in [[CL77]
introduced a CRT (Chinese Remainder Theorem) based modular method: one can compute the solution
modulo many small prime numbers such that the product of primes is large enough. This computation
takes O~ (n*) number of arithmatic operations for an n X n system Ax = b over Q. Dixon in [Dix82]
presented a p-adic Hensel lifting method for linear system solving which can accelerate the bit com-
plexity beyond CRT approach. There are two phases for the algorithm. First, the inverse C = A~!
(mod p) is computed with complexity O~(n*). The second step computes a p-adic approximation ¥
with O(In? log n) integer operations for [ iterations. (See Algorithm [3) Dixon’s algorithm is efficient in
practice with the total complexity O(n> log? n).

We have already generalized DixondAZs algorithm to number fields. Here we generalize it again
to non-square underdetermined systems. We use Hadamard’s determinant estimate with an apropriate
norm, to bound rational enries in the solution as shown by the Cramer’s rule. Reduced-row echelon
form is used as a preconditioning technique to find a maximum rank subsystem.

This new deterministic algorithm takes O~ (m>d? + m*nd + m*d°) bit operations, where as the Gaus-
sian method takes O~ (m>n2d?) bit operations to solve a linear m X n system Ax = b over number field K
of degree d. The total complexity for an integer linear system is O(m?n + m> log® m) in Z, same as the
Dixon algorithm.

59
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4.1.1 Reduced Row Echelon Form

The main tool we use in our linear system solving and kernel comptation algorithms is elementary
row and column operations. In this section we consider F to be any field and a matrix A € F™" (or,
equivalently, its associated linear map fy : F" — F™).

Lemma 4.1.1. If A € F™" s a matrix and R is obtained from A by a sequence of elementary row
operations, then ker(A) = ker(R).

Proof. Let R = TA, where T be the transformation matrix which is invertible, then we have
xeker(A) & Ax=0 — TAx=0 < Rx=0 < xeker(R) O

If we want to compute generators for the kernel of a matrix A € F™", then, according to Lemma
M.1.1l we may replace A by any row equivalent matrix. It suffices to understand how to determine
generators for the kernel of matrices in reduced row echelon form, as it is is easy to work on (See
Theorem [4.1.2] by Stoll in [Sto07, Lemma 12.12]). In particular, every matrix can be brought into row
echelon form by a sequence of elementary row operations.

Reduced Row Echelon Form

A matrix over a field F is in reduced row echelon form (rref) when it satisfies the following condi-
tions.

All zero rows, if any, are at the bottom of the matrix.

Each leading nonzero entry in a row is to the right of the leading nonzero entry in the preceding
row.

Each pivot (leading nonzero entry) is equal to F(1).

Each pivot is the only nonzero entry in its column.

Theorem 4.1.2. If A = (a;;) € F™" is a matrix in reduce row echelon form with r nonzero rows and
pivots in the column numbered j| < ... < j., then the kernel is generated by the n — r elements

Vk = e — Z aigej, kefl,....n}\{ji,...,J}
1<i<r
j,’<k

where ey, ... e, is the canonical basis of F".
Theorem 4.1.3. The reduced row echelon form of a matrix is unique ([[HK71| p 56]).
Lemma 4.1.4. The transformation matrix of rref is not affected by non-pivot columns.

Proof. Transformation matrix is corresponding to elementary row operations. Since a non-pivot column
is dependent on previous columns it does not have a pivot element to apply row operations. O
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4.2 Solving Linear Systems

Consider the non-square linear system over a field F: Ax = b where A € F™" and b € F"™*,
Suppose T be a transformation matrix of the reduced row echelon form Ag, so that TA = Ag. Now we
permute columns of the matrix A and Ag using matrix S to get a nice shape, which is easy to work on.
Let r be the rank of matrix A.

Ir‘ *

0m—r><r ‘ Om—rxn—r

TAS = ARS =

4.2.1)

Here, [1, | O(m_r,r)]t are pivot columns and [ | O(m_,’n_,)]’ are non-pivot columns. We will get zero
rowSs as [Ou—rr) | On-rc—-r)] in the bottom, if there are dependent rows in the matrix A.

Now we consider the modified linear system AS (S “lx) = b. Suppose AS = A = [Apiy \A k] which
is obtained by permuting columns of matrix A. Here columns of Ap;, corresponding to pivot columns
of Ag and Ag corresponding to non-pivot columns. Let S ~!x = y then we have A y = b. For z = Th we
have that:

TAs=T|[ Apiv | Ax |

TA; y=T| Apw | Ag |y=2=Tb (4.2.2)

Note: If the system has row dependencies, TAg is of the form (4.2.1). Then z = [Z

for
Om—rxk :|

_ . .. Z
some 7z € F™* and a solution exists iff Th = |———|.
Om—rxk

Ifn—r>0and m —r > 0, then:

TA; y=T| Apiw | Ax ][OZ}=Z=[OZ]=TIQ

n—rxk m—rxk
Define a map f: y = f(z) as follows:
[Z] add n —m zerorowstoz ifn—-m>0
On—mxk
y=f@=1z ifm=n
[Z} remove m — n rows from z ifn-m <0
On—rxk
Since x = Sy, we can recover the solution x from z = 7b and map f.

4.2.1 Dixon’s Approach

In order to find a solution of non-square linear system Ax = b, we solve the linear system A; y = b
using p-adic lifting. We compute y where Ay = b (mod p') in [ iterations.

e Compute the transformation matrix 7', and rref Ag, of A (mod p). Then the permutation matrix
S is computed for the matrix Ag), to obtain the nice shape as (4.2.1). At this point the consistency
of the system can be checked using modulo p solution.

e Compute a p- adic approximation y. Take by = b

zi=Tyb; (mod p) and y; = f(z)
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Algorithm 15 Dixon Solver (DixonSolver)

Input: Matrix A € F"™" b € F™*_ a prime number p and a bound B.
Output: Solution matrix X of the linear system AX = b.
1: Compute the rref Ag, and transformation matrix 7, of A (mod p).

2: Compute the permutation matrix S for A, as @.2.1).
3: Ay = AS

4: pr=1,5s=0

5: while true do

6: z=Tpb (mod p)

7. y=f@

8: s =8+ypi

90 p1 =pip

10:  if p; > B then

11: t,Y = VectorReconstruction(s, py)
12: if rand A;Y = b then

13: return X = SY

14: end if

15:  end if

16:  b=pl(b-Ay)
17: end while

The map f would add or remove zero rows from bottom of z; such that # rows(y;) = #cols(A).
bis1 = p l(bi— Agy) fori=0,...,1-1.
Then § = i) vip'.
Theorem 4.2.1. If the linear system is consistent, Algorithm|l5|finds a correct solution.

Proof. The first phase computes the rref with transformation matrix 7, for A (mod p). From this we
have T,A; = AgS (mod p) as @.2.1). In other word 7, is the same rref-transformation matrix for Ay,
due to Lemmal[4.1.41

Phase two computes b;.; vectors. Here we have (b; — Asy;) = 0 (mod p) because: TA; y; =
TApjyzi = TApiyTpb; (mod p) = T),b; (mod p) implies T;I(TAsyi —Tyb;) = 0 (mod p). In the last
step, it holds:

I-1 I-1
Ay = Z P'Agyi = Z p'(bi — pbiv1) = by — p'b;
i=0 i=0

Now we use a vector reconstruction method to reconstruct the solution y from modular image y (mod p).
As Ayy = AS(S~'x) = b, a solution for the linear system Ax = b can be obtained as x = Sy. This
permutation matrix S is due to the Theorem 4.1.2] m|

4.2.2 Kernel

We present an algorithm to compute a basis for the kernel of the matrix A € F"™". One can im-
plement Algorithm [16] as a p-adic modular algorithm. Here we used DixonSolver to facilitate the
task.

Theorem 4.2.2. Algorithm[I6]is correct.
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Algorithm 16 Kernel (ModularKernel)

Input: Matrix A € F™", a prime number p and a bound B.
Output: Kernel matrix X of A.
1: Compute the rref Ag, and transformation matrix 7', of A (mod p).
2: Compute the permutation matrix S for Ag, as (4.2.1).
3. Ay = AS = [Apiv|Ak]
4: z = DixonSolver(Ap;, —Ag) (Can be continue with Step [3]of Algorithm|[T5] given transformation
matrix 7', and permutation matrix I,,).
Z
S y= [ s

6: returnn —r, X =Sy

] where r = rank(Ag)).

Proof. Consider the matrix A with transformation matrix 7" and permutation matrix S as before: TA =
Ag with rank r and AS = A; = [Apiy | Ak]. Solve the linear system Ap;,x = —Ag using Dixon’s
algorithm: we get a solution as x = f(-TAk).

[Api] [x] = — [Ak] (4.2.3)

Then we convert the linear system and the solution back to the original system.

[l ]|

X
r

I, ] = [Onxn—r]

| Apu| Ak ]S7's [ i ] = s [ i ] = [Oun-/]

Hence, a basis for the kernel of A is given by § [ Ix ] O
n—r

The role of the permutation matrix can be discribed as follows: Letv =n —r

[ APiv‘ Ak ][Z] = [Onxv]

In order to get the original matrix A from [Ap; |Ax] we have to interchange columns using the

permutation matrix. Similarly, we should interchange corresponding rows of the solution vector [ 7 ]
v

to get the kernel matrix of A. Let us number the columns of Ap;, according to the order of the matrix
A as {p1,...,pr} and non-pivot columns in Ag as {ki,...,k,}. Also, rows in the solution matrix are
labelled as follows:

,x1_

Xr

[ Ap Ay | Ar Ay ] = [Onsr]

€l

[ €y ]
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where x = [x1,...,x,]" and I, = [eq,...,e,]". Suppose that p; < k; < p;;; for the first non-pivot
column A;,. When we shift the column Ay, back to the original place in A, the corresponding row in the
solution vector has to be shifted accordingly.

X1

Xi

€]
Xi+1

| Ap o Ap Al Apy - Ap| Ak Ar || | = 10wl

Xr

€2

€y

We shift columns, until we obtain the matrix A. Then, the resultant solution is the kernel of the
matrix A.

Example 4.2.3. In order to explain this idea, we provide a simple example over Q. Consider the linear
system

X1+2X2+4X3=2
2x1 +3XQ+7X3=3
3X1+3XQ+9X3=3

1 2 4 2
LetA=|2 3 7 |and b=| 3 | Now we concatenate matrix A and b and compute rref of [A| b]
3309 3

The

W W N

4
7
9

W W N

1
to find a solution for the linear system and compute kernel for the matrix A. M =| 2
3

1
rref of the matrix M is: R=| 0

Non-pivot columns in the rref of A provides a basis for the kernel: [ -2 -1 1 ]t. The last column

t
of M provides a solution for the linear system and it is normalized by the kernel basis: [ 010 ] .In
this example, the permutation matrix is the identity matrix.

4.2.3 Computing Reduced Row Echelon Form

Here we present a lifting method to compute the reduced row echelon form of the matrix A € F™*",
by extending the kernel computation algorithm. Let y; be the solution of the linear system (4.2.2) as:

[Api] [y1] = — [Ak]

According to the previous notations, let r be the rank, S be the permutation matrix and 7" be the trans-
formation matrix of A as given in (4.2
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Theorem 4.2.4. With the above notations, { Oml_rr><r Om_—);,ln—r}
of A.

S 1 is the reduced row echelon form

Proof. 'We apply the function f in Section[d.2|for the linear system [Ap;,] [x] = — [Ag]. Then, by .2.3)
we have that:

T1ApiS1y1 = —TAk.

Since the matrix Ap;, is already full rank the permutation matrix S| is the identity matrix /,. We have
that 7y = T as T is only affected by pivot columns (Lemma[4.1.4). By the definition of f, we have that
~TAx = f~'(y1). Thatis —~TAg = [y1|Om_ynr] if m —r > 0or =TAg = y; if m = r. Also, it holds
that TAp;y = [I,| Op—r,)' as Ap;, is full rank. Therefore we have that:

TA =TASS™!
=T [Apy|Ak]S™'
= [TApiy| TAk]S ™!

L o e 4.2.4)

O

In order to compute the rref of A € F™" we take the output at Step [4| of Algorithm as
y1 = DixonSolver(Ap;,, —Ag). Then, the above theorem gives the rref of A. Here, the block ma-
trix [Om_rxr ‘ Om_r,n_r] at the bottom of (@.2.4)) occurs only when m — r > 0.

4.2.4 Complexity Analysis and Bounds on Solutions

Consider the linear system Ax = b where A € F™" and b € F"!. Here, we compute complexities,
considering a solution of the linear system Ay = b. As explained before, if r is the rank of A, we have

y:[ < ]andZZTbZTAPin.

On-r

Let A; denote the Euclidean length of the ith column of Ap;, and |b| be the length of b. If Ag,,;, is the
maximum rank square sub-matrix of Ap;,, we know det(Ag,;) < [1:_; 4;. We can show that the solution
we obtain from Algorithm [T5]is the same solution we get from maximum rank square sub-system of
Ax = b. Cramer’s rule shows that numerators and denominators of the solution are bounded by absolute
value of § = |b| []}_, Ai.

First we compute the complexity of Algorithm [I5|for an integer linear system. Let 8 be a bound on
absolute values of the entries of Ay and b.

i. The first phase computes the transformation matrix of the rref of A (mod p). It takes O(m?n)
operations between integers of size up to p.

ii. The second step computes a p-adic approximation ¥ to y with total of O(Im? log(m)) operations:
The entries of b; are integers of length O(log(m) + log 8) = O(log(m)). So, y; and b; computation
takes O(m? log(m)) operations. As we do this iteration / times, construction of y takes total of
o(Im? log(m)) operations with [ ~ m log(m).

iii. The final step to find the solution y from modular result ¥ using a vector reconstruction algorithm
takes O(m? logz(m)) operations.
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Hence the total complexity for integer matrices is O(m*n + m> log>(m)) in Z.

When there is a linear system over number field K of degree d, we can compute a bound for the
solution using conjugate matrices (See Section . Using T»-norm we have: 6% = Z?zl 5(1')2, where
59 = |pD] H;zl A j(i). (Here /li.i) is the length of jth column of the conjugate matrices Api,® and [
is the length of 5?). A bound on coefficients of denominators and numerators of the solution can be
obtained by norm change constant as ¢ = ¢20%. Hence by Theorem we need a bound

on prime power as p' > {YN(a) > (4¢ ,/c?cz /d) - (3+/y(0) /2)01_1 = B to obtain a correct solution. Let
sa = dlog(||All,), then we have the bound on determinant By € O~ (nsy) such that By > dlog(]| det(A)lly).

i. Computing rref of A (mod p) takes O(m*nMy(s4)) operations.

ii. Dixon solver computes the p-adic expansion of the solution with O~ (m>My(s,)) bit complexity:

One lifting iteration contains matrix-matrix multiplications which cost O~ (m*My(s4)). The num-
ber of iteration required to obtain the solution is O~ (m) (See [Dix82]).

iii. Vector reconstruction to recover the solution takes O~ (d°(B;/d)) bit operations for random input
matrices (as mentioned in the Theorem 1.3.20} using Z'-algorithm). Worst case the bit complexity
would be O~ (md>(B/d)), which is equivalent to O~ (m>d>(s4/d)).

The total complexity of the Algorithm is O(m*d + m*nd + m*d°) log(||All,)) bit operations.

We consider the linear system Ap;,x = —Ag to compute a basis of the kernel. Similar to the above
case we can get a bound on denominators and numerators of each kernel vector using 9, if we replace
vector b by columns of Ag. Also, the complexity of phase (i) to compute rref A (mod p) stays the same,
but lifting and reconstruction cost would apply for n — r many vectors.

While the new implementation has complexity as above, the direct Gaussian method to obtain the
rref takes O(m>n2d?) log(||All,) bit operations, because inputs are as large as the size of the matrix O(mn).

4.2.5 Performance Analysis Based on Timing

We have implemented the Algorithm [T6]in [Sur21] using Hecke [FHHI17]. To illustrate the ef-
ficiency of the new method, we have computed timings using the number fields Q[x]/ 2+ Tx+ 1),
QIx1/(x*+7x+1) and Q[x]/(f) for f = ¥+ X7 2(=x), f = x10+ 37 2(=x) and f = x°+ 3% 2(-x)'.
Table [4.1] and [4.2] shows timing in seconds (m -for minutes and h- for hours) for the new algorithm
ModularKernel (MKer) for different choice of parameters: d- degree of the number field, size of ma-
trices (m X n) and size of coefficients. Comparisons have been made with the existing implementation
in Hecke, which is based on rref without modular methods. Experimental results (with quotient times:
Quot) shows that the new algorithm works much better for matrices with large dimensions and large
entries in large degree fields, proving the complexity results. Also, the Hecke implementation does not
terminate for very large matrices (e.g: for a matrix of dimension 300x 300 over a number field of degree
2; Q[x]/(x* + 7x + 1)).
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J Input size | -100:100 -1000:1000 -1000000 :1000000
m n MKer | Hecke | Quot | MKer | Hecke | Quot MKer | Hecke | Quot
90 | 026 |12m | 281 029 | 2m 419 0.83 | 55m | 395
100 | 030 | 1.7m | 332 030 | 3m 584 033 | 7.7m | 1404
100 110 | 345 | 22m | 38.6 404 |38m | 56.3 6.95 10.1 m | 87.5
120 | 653 | 2.8m | 259 7.87 | 48m | 36.2 13.69 | 12.6 m | 55.1
130 | 10.54 | 34m | 19 1247 | 5.7m | 27.5 2193 | 1I5m 41.3
140 | 1496 | 4m 15.7 18.17 | 6.6 m | 21.9 30.85 | 17.6 m | 34.3
) 140 | 0.84 | 156 m | 1117 1.15 | 28 m 1461 0.70 | 53.3m | 4551
150 | 0.91 19.6 m | 1281 0.90 | 33.5m | 2233 1.08 1.5h 4991
150 160 | 10.29 | 23.5m | 137 12.55 | 39.5m | 189 21.12 | 1.7h 295
170 | 19.42 | 27.8 m | 85.9 2389 | 46.5m | 117 41.72 | 2h 174
180 | 30.37 | 31.8 m | 62.8 36.84 | 53.4m | 87 626 |23h 133
190 | 43.31 | 27.2m | 51.5 5179 | 1h 69.9 89.21 | 2.6 h 105
300 280 | 6.35 | - 00 6.17 | - 00 6.39 | - 00
300 | 7.06 | 21.9h | 11163 | 697 | - 00 749 | - 00
11 0.01 0.00 0.75 0.01 0.01 0.82 0.01 0.01 0.83
15 | 0.02 | 0.01 0.40 0.03 | 0.01 0.39 0.05 | 0.02 0.43
10 30 | 0.08 | 0.02 0.28 0.11 0.03 0.30 0.20 | 0.06 0.31
60 | 0.26 | 0.06 0.22 0.33 |0.14 0.42 0.55 | 0.14 0.25
70 | 0.31 | 0.07 0.21 0.40 | 0.09 0.22 0.69 | 0.16 0.23
90 | 0.47 | 0.08 0.18 0.58 | 0.11 0.19 2.55 | 0.22 0.08
51 | 031 |4.57 14.89 | 040 | 7.23 17.90 | 0.72 18.13 | 25.18
55 1.25 | 5.82 4.67 1.69 | 9.04 5.36 323 | 2290 | 7.10
50 70 | 490 | 10.20 | 2.08 6.74 17.04 | 2.53 12.73 | 40.51 3.18
3 100 | 12.87 | 20.24 1.57 17.34 | 31.66 1.83 3486 | 1.2m | 2.14
110 | 15.25 | 21.98 1.44 22.27 | 35.16 1.58 40.62 | 1.5m | 2.17
130 | 20.86 | 29.42 1.41 28.28 | 45.94 1.62 59.36 | 1.8 m 1.83
81 124 | 1.1m | 5233 | 1.64 1.8m | 6437 |3.13 |44m | 8391
85 |5.25 1.3m | 1432 | 7.15 |2m 17.27 13.57 | 5m 22.31
20 100 | 20.37 | 1.9m | 5.65 27.74 | 3.1m | 6.70 53.15 | 7.6 m | 8.57
130 | 51.80 | 3.3m | 3.78 12m | 52m | 445 23m | 127m | 5.62
140 | 61.29 | 34 m | 3.62 14m | 6m 4.30 28m | 144m | 5.16
160 | 87.26 | 4.6m | 3.16 2m 73m | 3.66 37m | 17.7m | 4.77
100 101 {243 | 41m | 1005 | 320 |6.5m | 122.86 | 5.94 158 m | 159.9
105 | 1001 | 46m | 2740 | 1392 | 73m | 31.64 | 26.76 | 189 m | 42.4

Table 4.1: Timing for Kernel Computation.
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d Input size | -100:100 -1000:1000 -1000000 :1000000
m n MKer Hecke | Quot | MKer Hecke | Quot | MKer Hecke | Quot
11 | 0.01 0.01 0.83 | 0.11 0.01 0.14 | 0.04 0.03 0.73
15 | 0.05 0.02 0.36 | 0.06 0.02 0.39 | 0.11 0.05 0.46
10 30 | 0.18 0.05 0.25 | 0.25 0.06 0.26 | 0.63 0.12 0.19
60 | 0.71 0.11 0.15 | 091 0.14 0.15 1.47 0.26 0.18
70 | 0.84 0.11 0.13 1.28 0.17 0.13 1.96 0.31 0.16
90 | 1.32 0.18 0.13 1.63 0.21 0.13 | 2.83 0.40 0.14
51 | 092 11.39 12.34 | 1.06 18.37 17.37 | 2.07 45.11 21.82
50 55 | 3.71 1433 | 3.87 | 4.79 23.00 | 4.80 | 9.25 56.53 | 6.11
5 70 | 14.36 | 25.55 1.78 18.77 | 40.86 | 2.18 | 35.73 1.7m | 278
100 | 37.24 | 47.34 1.27 | 48.49 1.3m | 1.57 1.5m |3.1m | 1.99
81 3.25 28m | 51.93 | 4.27 45m | 62.86 | 7.52 10.6 m | 84.86
20 85 1409 | 33m | 1401 | 1856 | 52m | 16.68 | 35.95 122 m | 20.38
100 | 57.13 | 49m | 5.17 1.2m | 77m | 610 |24m | 18.8m | 7.94
130 | 46m | 87m | 1.91 32m | 13m 404 |82m |34.6m | 4.23
101 | 2.6m | 164 m | 6.30 | 45.37 174m | 2296 | 24.65 | 41.1 m | 100.1
100 | 105 | 75m | 212m | 282 |[27m |196m | 723 |28m |52.8m | 18.66
120 | 27.7m | 387m | 1.40 | 11.5m | 33.8m | 295 | 275m | 1.5h 3.32
11 | 0.15 0.08 0.53 | 0.11 0.12 1.11 | 0.10 0.31 3.10
10 15 | 0.18 0.10 0.57 | 0.25 0.15 0.61 | 047 0.42 0.89
30 | 0.92 0.20 0.22 | 1.08 0.29 0.27 1.87 0.70 0.38
60 | 2.13 0.41 0.19 | 2.81 0.57 0.20 | 4.88 1.49 0.31
30 | 0.12 8.46 67.71 | 0.13 13.16 104.2 | 0.13 31.94 | 248
45 | 0.20 35.16 175.3 | 0.19 55.68 | 287.7 | 0.19 23m | 710
50 51 | 3.00 51.84 17.27 | 4.06 1.4m | 1997 | 7.60 32m | 2542
55 13.29 I.1m | 4.85 18.16 1.7m | 555 |[3508 |4m 6.76
10 70 | 59.11 1.9m | 1.96 I.2m |[3.1m |244 |23m |67m | 296
100 | 23m | 3.4 m 146 |3.1m |[55m | 1.74 | 59m 124m | 2.11
75 |1 0.72 9m 747.5 | 0.57 13.8m | 1469 | 0.58 31.9m | 3306
20 81 |53m | 15m 2.80 | 18.84 17.7m | 56.34 | 3448 | 40.3m | 70.22
85 | 55.12 131m | 1429 | 1.2m | 20.1m | 16.36 | 23 m | 46.2m | 19.68
100 | 3.7m | 21m 565 [ 97m |302m | 3.10 10 m 1.3h 7.78
95 1.04 33.1m | 1904 | 1.00 50.8 m | 3042 | 1.01 1.9h 6860
100 101 | 22.19 | 40m 108.2 | 29.62 1h 123.7 | 58.84 | 2.3h 141.8
105 | 1.9m | 447m | 2409 | 23m | 1.2h 295 | 49m | 2.7h 32.86
120 | 29.1m | 1.3 h 2.58 132m | 1.8h 823 | 414m | 5h 7.19
11 | 0.19 1.12 5.76 | 0.25 1.77 7.15 | 0.54 5.04 9.41
10 | 15 1.13 1.22 1.08 1.19 2.38 2.01 | 2.30 5.02 2.18
30 | 3.46 1.55 045 | 4.71 2.72 0.58 | 9.55 6.28 0.66
20 30 | 0.31 57.91 185.9 | 0.31 1.6 m | 302.4 | 0.31 39m | 766.1
50 45 | 0.46 3.8m | 500.1 | 0.46 6 m 789.2 | 0.44 15m 2049
51 16.19 | 55m | 20.28 | 21.29 | 8.6m | 2437 | 43.01 | 21.3m | 29.74
55 1.2m | 64m |520 |16m |[99m | 6.10 |32m | 27.8m | 8.71

Table 4.2: Timing for Kernel Computation.




Chapter 5

Computing Characteristic and Minimal
Polynomials

Computing the characteristic polynomial of a matrix is a classical and fundamental problem in
mathematics. This is closely related to other problems such as computing the minimal polynomial and
computing the Frobenius canonical form. There are many optimized algorithms to compute characteris-
tic polynomials and minimal polynomials for integer matrices and matrices over polynomial rings. The
goal of this chapter is to address these problems over number fields.

This chapter begins with a survey of algorithms for characteristic polynomial computation, with
their complexity improvements. Then we compute bounds for coefficients of the minimal polynomial
and characteristic polynomial using bounds for complex matrices. We use modular methods to optimize
the existing algorithms. Finally, we present an additional improvement to the minimal polynomial
implementation, that reduces the runtime.

5.1 Literature Review

5.1.1 Algorithms for Computing the Characteristic Polynomial

Let A be an n X n matrix over any field F. If Au = Au, for some A € F and u € F™!, then 1 and
u are called the eigenvalue and eigenvector of A, respectively. The eigenvalues of A are the roots of the
characteristic polynomial C4(1) = det(Al,, — A). The eigenvectors are the solutions to the homogeneous
system (Al,, — A)x = 0.

Theorem 5.1.1 (Cayley-Hamilton Theorem). If C4(1) = A*+c¢ (A oot e, -1 A+c, is the characteristic
polynomial of the n X n matrix A, then C4(A) = A" + A"+t 1A+ ey = Opsn

The Method of Direct Expansion

Let the characteristic polynomial of A = (a; ;) € F N pe Cu(A) = A+ ] + o+ e A + e
In [Gan60, Section III.7] Gantmacher shows that for i = 1,...,n the coefficients ¢; of C4(A) are the
alternate sum of all the (n —i) X (n — i) diagonal minors of A. Therefore the coefficients can be computed
as follows:

c1 = -2, a;; = —trace(A), which is the sum of all first-order diagonal minors of A.
2= Yicj det( Zi_i_ Zi_j_ ) the sum of all second-order diagonal minors of A. Similarly, the coeffi-
ji 4djj
cients c3, ¢4, . . . , Cyp—1 can be obtained from the minor sums of the matrix A and, finally ¢,, = (—1)" det(A).
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In order to compute the coefficient c¢;, we need to compute determinants of (’l’) diagonal minors of A.

Hence, the direct computation of the coefficients of C4(1) is equivalent to computing (’11) + (;) +-- -+ (Z) =
2" — 1 determinants of various orders of minor matrices. Since this computation has exponential com-
plexity it is not practical. Instead a wealth of polynomial-time methods for computing the characteristic
polynomial of matrices over integers (or any field F) can be found in the literature. In this section, we

shall explain some of these methods.

Leverrier’s Algorithm

Theorem 5.1.2 (Newton’s Identity). Let A1, A;,...,4, be the roots of the polynomial C(1) = A" +
A" e, A+ If s = /111‘+/l§+- . -+/l],‘l, then c; = —(Sg+Sp_1C1+Sk_2C2+- - -+ Srcp2+S1¢k-1)/ k.

In 1840, Leverrier introduced a method to find the characteristic polynomial of any matrix A € F™"
using the trace of the powers A%, where k = 1,2,...,n. His algorithm make the use of the Newton’s
identities (See [Lev40]). Later Souriau, Faddeev, Frame and Csanky improved Leverrier’s Algorithm in
[EE63], based on Matrix multiplications with the complexity of o(n*).

Let 0(A) = {41, 12,..., 4,}, be the set of all eigenvalues of A which is also called the spectrum of A.
Then Leverrier uses the fact that s, = trace(Ak) = ?:1 /lf.‘, forallk =1,2,...,n. The method of Souriau
(or Faddeev and Frame) in [FE63]] use the recurrence relation A; = AB;_1, ¢; = —trace(A;), B; = A;+c¢;l,
with By = I,,; to compute coefficients c; of C4 fori=1,2,...,n.

The Method of Danilevskii

Definition 5.1.3. Consider an n x n matrix A and let C4(1) = 2" + /"' + .-+ + c,.1 A + ¢, be its
characteristic polynomial. Then the companion matrix of C4(A):

—€p —C —C€3 -r —Cp-1 —Cp
1 0 0 0
1 0 0 0
FlAl = .
0 0 1 0 0
0 0 0 1 0

is similar to A is called the Frobenius form of A.

The method of Danilevskii in [Dan37]] applies the Gauss-Jordan method to obtain the Frobenius
form of an n X n matrix. The algorithm successively transforms the matrix A to #[A], by applying n — 1
similarity transformations as explained bellow:

a a2 a3 o Aip-1 Qg
a1 axp a3t Ayp-1 Ap
LetA=|431 4d32 d4z3 -+ a3p-1 Q3p
ap,1 Aap2 ap3 - Adpp-1 Aun
We begin the algorithm by computing transformation matrices to carry the n-th row of A into the
row(0 0 0 -+ 1 0).

Assuming that a,, ,—; # 0, we take the transformation matrix U,_; and its inverse matrix V,_; as:
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1 0 0 0 0
0 1 0 0 0
0 0 1 0 0
U, = ,and
ap1 Aap2 apj Apn-1 Ann
0 0 0 0 1
1 0 0 0 0
0 1 0 0 0
0 0 1 0 0
Vn—l =
Vn-1,1 Vn-12 Vn-13 Vn-1n-1 Vn-1n
0 0 0 ‘.- 0 1
where Vp-1,i = —an,i/an,n_l fori #n -1 and Vi—1n-1 = 1/61”,"_1.

Multiplying the matrix A by V,,_; and U,_;, we obtain the matrix B as B = U,_1AV,,_;. Then B is
similar to A and is of the form

bii  bip bz bia-1 b1y
by bry  by3 bs -1 by
B=| : : : :
bu-1,1 bn-1p bp13 by-1n-1 bpip
0 0 0 ‘e 1 0

Now, if b,_3,-1 # 0, then similar operations can be performed on matrix B, and continue in the
same way. Finally, we obtain the Frobenius form ¥[A] = U U;---U,;,—-1AV,,—1 V-2 --- V1. In some
cases, these n — 1 intermediate transformations are not possible. For example: In the first step if
ann-1 = 0, we apply unimodular transformations to obtain a similar matrix with a,,-; # 0. If
it was found that brx—; = O in some intermediate step, as k-th row being the last non-zero row of
the matrix B = UpUpy1 - Up—1AV,—1Vy—p - - - Vi, then we apply apply unimodular transformations to
make byx—1 # 0 and, continue the algorithm as a separate block matrix considering the sub-matrix
Br1:k-1,1:k-17- Danilevskiy method finds the characteristic polynomial, by computing ¥ [A] with the
complexity of ond).

Hessenberg’s Algorithm

A square matrix M = (m; j) € F™" is in upper Hessenberg form if m; ; = 0 for all i > j + 2, in other
words, entries below the first subdiagonal are zero.

mi,1
ma,1
0

0
0

mi2
msn
ms3»

0
0

mp3
mp3
m33

0
0

mi -2
my n-2
ms3 -2

My—1,n-2

0

min—1
mj p—1
ms3 p—1

My—1.n-1
My p—1

mi
myn
ms3 g

MmMy—1n
Myn

Any given matrix A € F™™" can be reduced in to the Hessenberg form using a series of elementary
row and column operations, over F with complexity O(n?). If M is the Hessenberg form of A, then it
holds det(41,, — A) = det(Al,, — M), and the characteristic polynomial C4(1d) = Cp(1) = Pp41(A) € F[A]
of the matrix M in Hessenberg form can be computed from the following recurrence for Pi(A).

1
Pri1 (D) = _ _ .
: {u — me)Pe) = S (12 iy JmiaPi(d) it 1<k<n+1

if k=0
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This can be efficiently computed using O(n*) operations in F[A] (O(n®) operations in F). The
total complexity for transformation into quasi-upper triangular matrix and iteration of the determinant
expansion formula is approximately O(n?) over F. The original algorithm can be found in Hessenberg’s
thesis [Hes42[] and the modular method has been explained in [LMWO0S3].

5.1.2 The Berkowitz Method

The Berkowitz algorithm computes the characteristic polynomial over a commutative ring R using
O(n*) arithmetic operations over the ring. Consider the matrix A € R™". Let A, = [a;;], 1 < i, j < rbe
the principal r X r submatrix of A. The characteristic polynomial of A, is

C, = det(A, — AL) = Z Crrk ¥ = Crp ¥ Crpmt A+ -+ o
k=0

The adjoint of the characteristic matrix satisfies

r—1 r—i—-1 r r—k

Adj(A, — Al,) = Z Z Cr,r—i—j—lAl/li == Z Cr,r—k—jA{’./lk_1
i=0 j=0 k=1 j=0
r
= = (Crridr + Crric1Ar + Cryok2AT + -+ + CrpAL )1 (5.1.1)
k=1

Consider the matrix A,,1, which is written in terms of A,, the diagonal term @, +1, row vector R,
and column vector S,. Then

A S,

R, Ar+1,r+1

det(A,;4+1) = det( ) = det(A,)ar+1,+1 — R Adj(A,)S . (5.1.2)

Combining (5.1.T)) and (5.1.2)) on the characteristic matrix gives a recurrence formula for C,, (1) in
terms of C,(1) '

Cra1(D) = CH)@rs1 o1 = D) + Ty D6 crrie j(RAALS )1

The Berkowitz algorithm uses matrix and vector multiplications. Given a polynomial C.(1) =
Z]';:() Cr,k/lr_k, let C, = (Cr,()’ Crilseevs Cr,r)t-

For C,(1) = erc:o c,,k/l"k, the (r + 1) x r lower triangular Toeplitz matrix is defined as

0 00 0]
Crl1 Cr0 0 0
Cr2 Cr1 Cro0 0
Toep(C,) = .
Crr—1 Crr=2 Crr=3 " Cr0
L Crr  Crpr—1 Crp-2 *°° Cpll

. =2 .
The corresponding recurrence formula for C, is

-

Crs1 = Toep(Qr41) X Cr,  where

Qr+1 = _/lr+1 + ar+1,r+1/lr + (RrSr)/lr_1 +e-t (RrAi'fSr)/lr_l_i R (RrA;_lSr)-
Hence the characteristic polynomial is given by
Cy = Toep(Qy) X - - - X Toep(Q3) x Toep(Q2) X C;.
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The Algorithm [17] explains the steps of the Berkowitz method to compute the characteristeristic
polynomial.

Algorithm 17 Characteristic Polynomial - Berkowitz Method (CharPolyBerkowitz)
Input: A = (a;;) € R™".
Output: Characteristic polynomial of A (coefficients in vector form).
C= (_1).
ai
:fori=1,2,3,....,n—1do

2

3 Obtain row vector R;, column vector S; and principal matrix A;.
. . . i—1 .

4: 0= B L g ai+1,i+1/l’ + le=1 R,‘A{ S/

5

6

7

—_—

C = Toep(Q) x C
: end for
: return C

Nemo/Hecke Algorithm

In Hecke [FHHI17, Section 4.2], characteristic polynomials are computed using the generic im-
plementation of division free Berkowitz algorithm in [Ber84|]. Usually, fraction free algorithms can
improve performance of matrix algorithms over integral domains. The algorithm in Hecke is developed
by William Hart and, it is the fastest implemented algorithm for characteristic polynomial computation.

The State of the Art Method

The breakthrough by Keller-Gehrig uses Krylov bases (Section to compute characteristic
polynomial with the complexity of O(n® log(n)) (See [KG835, Section 3]). This came after the Strassen
matrix multiplication was introduced in [SS71]] with the complexity (n*). His second algorithm uses
Danilevskii’s algorithm with block matrix operations. Even though Algorithm [KG85, 6.1] has com-
plexity of O(n®), it is only valid for generic matrices. Inspired by Gehrig’s method in [PS07] Pernet and
Storjohann presented a new Las Vegas randomized algorithm for computing the characteristic polyno-
mial of a dense matrix over large fields (#F > 2n%) in O(n®) field operations. This fast and practical
implementation uses a shifted Krylov extension and Hessenberg form in block matrices. The latest de-
terministic algorithm for computing the characteristic polynomial has been introduced by Pernet and
Neiger in [NP20]]. It computes the characteristic polynomial of a matrix over a field within the same
asymptotic complexity, up to constant factors, as the matrix multiplication.

5.1.3 Algorithms for Computing the Minimal Polynomial
The Method of Krylov/ Spinning

Krylov method, also known as "spinning" in [Ste97]] can be used to compute the minimal polyno-
mial of a matrix A € F™". Furthermore, we can extend this algorithm to compute the characteristic
polynomial as we will explaine in Section[5.3.2]

The matrix A can be considered as a representation matrix of some linear operator on an n-dimensional
vector space V in some basis. For any polynomial f(x) = agx™ + a X"+ v a1 x+ay, € Flx], we
can define its value at A as f(A) = apA™ + aiA"™ ' + -+ a,_1A + apl,. There exists a polynomial f
such that f(A) = 0. Such a polynomial is called an annihilating polynomial of A, and the one with the
least degree is the minimal polynomial of A, and is denoted by M 4.
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We use the following theorem for computing and verifying the minimal polynomial in our applica-
tions (See [Vin03l Section 6.5]).

Theorem 5.1.4. Suppose A is a linear operator on a F-vector space V, and that V = Wi+ Wy +---+ W,
for invariant subspaces W;. Then the minimal polynomial of A is the LCM(My,, ..., Mw,), where My,
is the minimal polynomial of A restricted to W;.

Definition 5.1.5. Given a matrix A € F™" and an n-dimensional nonzero column vector v, we define
the Krylov sequence associated to A and v as the sequence of vectors vi = A'v (i =0,1,2,...).

Note that at most n vectors of the sequence v, vy, ... are linearly independent.

Definition 5.1.6. Given a vector v in a vector space V, the linear subspace spanned by the Krylov
sequence associated to A and v is defined as the Krylov subspace K4(V,v) associated to v.

Theorem 5.1.7. Let the matrix A, v and the Krylov sequence v; fori = 0,1,2,.... Suppose for some
r (< n), the vectors vo, vy, ..., v, are linearly independent and it holds that a,vo+a,—1vi+-+-+ajv_1 +
v, = O, where a; € F. If W = K4 (V,v) then the monic polynomial f(1) = a, + a1 A+ -+ a A+ A
is the minimal polynomial My (the minimal polynomial of A restricted to W).

Proof. W is an invariant subspace, and we have that a,vo+a,_1vi+---+av,—1 +v, = (col, +c1A+-- -+
c,_1A™1 + A")v = 0,.. Hence we have that f(A)(v) = 0. It follows f(A)(g(A)v) = 0 for all polynomials
g(d) € F[4] and so f(A) annihilates all of W. Since r < n is the minimum such that vg, vy, ..., v, are
linearly independent, f(A) is the minimum polynomial Myy. O

Algorithm |18] computes the minimal polynomial of matrix A. The correctness of the algorithm
follows from the Theorem [5.1.4] The Step [3| computes the minimal polynomial My of A restricted to
W = K4(V,v). This can be computed as follows:

Consider the matrix V; = [v,Av,A%v, ..., A2y, A""1y] for some 2 < i < n. We observed the
least i (say i = r) such that the linear system V;a = —A'v is consistent. Then the unique solution
a =lay,a,1,...,a1] gives My as f(A) = a, + ar 1A+ +a; A" + 2.

Algorithm 18 Minimal Polynomial (MinPoly)

Input: A € F'™",

Output: Minimal polynomial of A.
v=e; =(1,0,...,0)

: W=Ka(V,v)

Compute My

: while rank(W) = n do

Pick v € V such that v is linearly independent of W.
W' = Ka(V,v)

Compute My

W=W+W

My = LCM(My, My)

: end while

: My = My

: return My

R AR

—_ = =
N = O

As explained in [FHHJ17, Section 4.2], Hecke uses a CRT approach to compute the minimal poly-
nomial over Z, using the Algorithm In the worst case it requires O(n*) operations over Z.
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5.2 Bounds on the Coefficients of Characteristic Polynomial and Minimal
Polynomial

In practice, when we use the above algorithms, first the polynomials are computed modulo several
prime numbers and then only reconstructed via CRT (See [GG13| Theorem 10.25]). Therefore, we need
precise bounds on the coeflicients of characteristic and minimal polynomials to find the required number
of primes. Here, we discuss some estimates for both two cases, as Dumas has presented in [DumO6]]
for matrices over C. After that, we extend his idea to get bounds on coefficients of characteristic and
minimal polynomials of matrices over number fields.

Here we denote the characteristic polynomial of A by C4(1) = cod” + a4+ 4 ¢m1A+ ¢, and
the minimal polynomial of A by Ma(1d) = mgd” + m A" -1 4 ...+ m_1 A+ m, (for a matrix A over C or
K accordingly).

Definition 5.2.1. Let P = a,x' + a;_1x'~! + -+ + ay be a univariate polynomial over C. The 2-norm of

P is defined by 1
t
1Pl = (D lai?)
i=0

Here, |a| denotes the absolute value of a. The 1-norm is defined by

t
1Pl = ) lail
i=0

/2

and the co-norm by
IPlle = maxo<i<i(lail)-

We define the co-norm on a polynomial P = a;x' + a;_1x'™!

Ty-norm as ||Pll., = max{Ta(aj) | j=0,....1}

+ -+ + ag over K, with respect to the

In order to get bounds on coefficients of C4(1) for A = [g; ;] € C™", we take the use of Hadamard’s
bound on the determinants of the minor matrices. Let B € R such that B > max; j{la; j|}. Using
Hadamard bound on A, we have that | det(A)| < n’/?B" from [GG13], Theorem 16.6].

5.2.1 Bounds on Coefficients of the Characteristic Polynomial

Now we can use the above mentioned bounds on determinants to get bounds on coeflicients of
Ca(2). As it is mentioned in the Section [5.1.1] ¢;, the i-th coefficient of the characteristic polynomial
of A € C™" is the sum of all the .(n — i) X (n — i) diagonal minors of A with the sign (~1)'. Therefore
¢; is bounded by ('l’) V- i)B2(n_l), where B is the upper bound for absolute value of coefficients of A.
Using this fact, the following lemma has been derived by Dumas in [Dum06, Lemma 2.1].

Lemma 5.2.2. Let A € C™", withn > 4, ||Allec < B. The coefficients of the characteristic polynomial
Ca(d) of A are denoted by cj, j=0,...,n and||Callc = max{|c;|}. Then

102,(ICullew) < n(log,(n) +log,(B) +0.21163175)/2

Dumas considers the function F(n, j) = (';) \(n— j)Bz(n_j), in the proof of [Dum06, Lemma 2.1].
From the symmetry of the binomial coeflicients, it is only necessary to explore the |n/2] to obtain the
maximum of F(n, j). The lemma is proven inductively. For j = 0 it is true by Hadamard’s bound. For
j=1,n=>2,set f(n) = % (logz(F(n, 1)) - %logz(n) -(n-1) logz(B)). Computing the first derivative
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S’ of f, we have that f’ is independent of B and maximum value of f(n) is 510g,(5)/6 — 21o0g,(6)/3 <
0.21163175. For j > 1, Stirling formula on binomial coefficient has been used to get a bound on the
maximum value of F(n, j) using a similar approach as before.

Dumas has presented a more precise estimate in [Dum06, Lemma 2.2] (here Lemma @]), by
locating the largest coefficient of the characteristic polynomial. Usually, the largest coefficient of the
characteristic polynomial can be found in the O( y/n) last ones ( which follows from the proof of [Dum06}
Lemma 2.1]).

Lemma 5.2.3. Let A € C™", with n > 4. Let the entries are bounded in absolute values by B > 1. Then

where D = (- 1+ V1 +26nB2))/(6B%), and § ~ 5.418236.

Lemma[5.2.4] gives a bound on the coefficients of characteristic polynomial over K, which immedi-
ately follows from the definition of 7>-norm and properties of conjugation.

Lemma 5.2.4. Let A = [a;;] € K™, with n > 4, then the characteristic polynomial Cy satisfies

d

)2

ICalleo < D ICPII,
k=1

where A® fork = 1,...,d are the matrices with conjugate entries as A® = [agl;)].

5.2.2 Bounds for the Coefficients of the Minimal Polynomial.

In this section, we derive bounds for the coefficients of minimal polynomial for matrices over C and
K. When the matrix A € C™" we have bounds for coefficients, in terms of the bounds for roots of the
My (in other words eigenvalues of the matrix A). Also, given a bound on the coefficients of C4, we
provide an easy way to get bounds on My.

The Size of the Factors of a Polynomial

Here, we provide some relations between sizes of coefficients and factors of a polynomial in general
(see [Mig92, Section 4.3 & 4.4 ] for more details). First we define a measure for any given polynomial
over C.

Definition 5.2.5. Let P be a polynomial with complex coefficients. P can be written in terms of its roots
Z; as
P=ax +a,1x "+ +ay=a(x—2z)) - (x—z),

with a, # 0. The Mahler measure of P is defined by the formula

M(P) = la,| | [ max{1, lz,l)
j=1

J

The next result from [Mig92, Definition 4.4.1] is important in our application.

Let z1,...,z, designate the roots of the polynomial P as above. Then, the well known Newton’s
identities gives the relation between coefficients and roots of a polynomial. If the roots are counted with
their multiplicities, the formula P = a,(x — z1) - - - (x — z,) gives elementary symmetric polynomials:
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ar_j .
G VD SRS

a . .
r 11<...<tj

(sum of products, where each product consist of r — j factors and each of these factors being a root of
P). Each of these factors is bounded by M(P). Moreover there are (;) of these factors for j = 1,2,...,r.
Hence the inequality (5.2.1)) holds.

d
llajll < (J.)M(P). (5.2.1)

This with the Landau inequality ([Lan035l]) given rise to the following theorem, which can be used to get
bounds on M4 and Q4 in terms of Cy.

Theorem 5.2.6. Let f = Y., fix' and h = Y hix' be two polynomials such that h divides f. Then
we have

Al < N6l < 2" M(h) < 2" 1 £l

m
n

For h, f € Z[x] as in the Theorem [5.2.6] Mignotte’s bound gives the following inequality for coeffi-
cients of & and f (see [Maz08l)).
Il < (412" [l (52.2)

Gersgorin’s Theorem

Gersgorin Circle Theorem localizes eigenvalues in C, and it appears in the paper of GerSgorin in
[Ger31]]. We use this result to get bounds on the coefficients of the minimal polynomial of A € K™,
The theorem says that the eigenvalues of any n X n complex matrix can be included in n disks in the
complex plain which can be easily obtained from the matrix. Let A = [a; ;] € C'"" and the collection of
all eigenvalues of A be the spectrum o(A). i.e.,

o(A) := {1 € C |det(al, — A) = 0}.
Now, we take N :={1,2,...,n}, and define the i-th deleted absolute row sum of A as:

ri(A) = Z la; j| forie€ N.
JEN\E)

We use the convention that 71 (A) := 0 whenn = 1.
For i € N the i-th Gersgorin disk of A is defined as:

Ti(A) :={z € C | Iz — ail < ri(A)).

and I'(A) := U;enTi(A) is called the Gersgorin set. The set is closed and bounded in the complex
plane C, as it is the union of closed disks having center a;; and radius r;(A) for i € N. For any A € C"™"
we have that 0(A) C I'(A). This is the original result of GerSgorin, which is stated in the Theorem
(the proof and more details can be found in [Var04l Section 1.1]).

Theorem 5.2.7. For any A = [a; ;] € C™" and any A € o(A), there is a positive integer k in N such that
|4 = ag il < ri(A).

Consequently it holds that
o(A) CT'(A).
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Given A € C™"_ the spectral radius p(A) of A is defined by
p(A) := max{|A] | 2 € o(A)}.
The next corollary ([Var04, Corollary 1.2]) is a consequence of the Theorem[5.2.7]

Corollary 5.2.8. For any A = [a; j] € C™", it holds

p(A) < maxey Z la; .
JEN

The corollary [5.2.9] which is stated in [VarO4, Appendix B] generalizes the above result for any
arbitrary norm ¢ on C". Consider any matrix A € C"™", so that A maps C" into C". Then the induced
operator norm of A, with respect to ¢ is given by [|All, := sup, %}3) = SUP (=1 $(Ax) which is simply
the maximum absolute row sum of the matrix.

Corollary 5.2.9. Given A € C™", let 0(A) denote its spectrum as usual and let p(A) denote its spectral
radius. Then, for any norm ¢ on C", p(A) < ||All4.

Bounds on the Coefficients of the Minimal Polynomial of A € C"™"

Similar to the case of characteristic polynomial, one can use the Hadamard bound to get bounds
on the coeflicients of the minimal polynomial. But, this estimate is too pessimistic in practice, when
the degree of the minimal polynomial is smaller compared to the characteristic polynomial. Mignotte
(5.2.2) gives a bound on the coefficients of minimal polynomial M4(1), as a factor of the coefficients of
characteristic polynomial C4(A1) as: ||Mylle < (n + 1)Y227|C4llo, where 7 is the degree of C4. Using a
bound on the eigenvalues of A, Dummas in [Dum06, Section 3], gives a better bound on the coefficients
of the minimal polynomial as follows.

Lemma 5.2.10. Let A € C™" with its spectral radius bounded by B > 1. Let the minimal polynomial
Mp() = 27, miA. Then foralli=1,...,r,

| < r if r<p
"7 \min{ VB, V2/rn2"B’} otherwise.

The Lemma [5.2.10]is based on (5.2.T). Since the spectral radius is bounded by g, all the roots of
the minimal polynomial are also bounded by 8. Hence it holds that |m;| < (?)ﬁ"" for coeflicients of the
M4 (). Using this result with some other bounds and inequalities on the binomial coefficients, Dummas
has proven the above bound in [Dum06, Lemma 3.1].

Bounds on the Coefficients of the Minimal Polynomial of A € K"

Let Ma(d) = X7, m;A' be the minimal polynomial of the matrix A € K™, Similar to the previous
setting, let mg.l) be the j-th coefficient of the minimal polynomial M, (A1) of the i-th conjugate matrix
A9 fori=1,...,d. Now we extend Lemma|5.2.10[to number fields as follows.

For each conjugate matrix, the coefficients of the minimal polynomial satisfies the following bound
fori=1,...,dand j=1,...,r.

‘ (5.2.3)

| < B if r<p?®
m?| < _ .
min{ BOr", V2/rn2 80"} otherwise.
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Here, B > 1is the bound for p(A®) which can be computed using Corollary Let M olleo =
Imy)l for each conjugate matrices. One can get a bound on My, by considering the bounds on M4 as
follows.

IMalle <

d
M 40112, (5.2.4)

i=1

5.3 Optimizing Characteristic Polynomial and Minimal Polynomial Com-
putations

In this section, we present details of our optimized implementations with their performance analy-
sis. We have done our implementations using the Hecke software package, and both our methods for
characteristic polynomial computation and minimal polynomial computation perform better than the
existing implementations in Hecke. We first discuss the details of our modular approach for computing
the characteristic polynomial. Then we extend the characteristic polynomial implementation to compute
the minimal polynomial using factorization techniques. Finally, we provide a verification method for
the minimal polynomial.

5.3.1 Modular Methods

Here, we present the details of our implementation which use modular methods for computing
characteristic polynomial C4(1) and minimal polynomial M4(2) of a matrix A € K"*". The algorithm
computes the characteristic polynomial and minimal polynomial modulo a sequence of prime ideals, and
then applies CRT to recover C4(4) and M4(A). Here we choose good primes (i.e. primes which does not
divides coefficients of the polynomial), as the degrees of the modular result can change in the presence
of bad primes (as explained in [GS02, Lemma 2.3] for the Z case). We can detect bad primes during
the computation, checking degree sequences of modular result as explained in [FHHJ17, Section 4.2].
Algorithm [T9] explains the CRT-modular approach for computing C4. Similarly, M4 can be computed
replacing the bound ||C4l|. by [|Malle and the algorithm CharPoly by MinPoly.

Algorithm 19 Characteristic Polynomial (Modular_CharPoly)

Input: A € K™,
Output: Characteristic polynomial Cy4 of A.
1: Computes a bound ||Cy4l|s, on the coefficients of C4 using Lemma(5.2.4]
2: Choose f matching prime ideals py, b, ..., p; such that
N(p) 2 2\IICall/d - (3 /¥(0)/2)"")" where p = [TL_, »i.
fori=1,...,tdo
A, =A (mod p))
Compute C,, = CharPoly(Ay,).
end for
Apply CRT to compute Cy4 such that Cy,, = C4 (mod p;) fori=1,...,¢
return Cy

e A

Theorem 5.3.1. Algorithm is correct, and it has the complexity O~ (n*d) over Q.

Proof. The correctness follows from the construction. As we have chosen enough primes according
to Belabas’ bound in Theorem [I.3.10] CRT gives the correct output. For CharPoly in the Step[5] we
can choose any algorithm, available in the literature, as mentioned in Section [5.1.2] If we choose the
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complexity of CharPoly as O~ (n?), then one iteration cost O~ (n’d) operations in Q, with the com-
plexity O~ (d) for algebraic operations in K. Therefore the total complexity of the algorithm is O~ (n*d)
operations in Q, as the size of the output is O~ (n) according to the bound. O

However, in our implementation, we use Algorithm[I9|with a probabilistic approach. We can use the
bound on coefficients to get an approximation for the required number of primes. Instead of computing
the characteristic polynomial modulo the product of several prime numbers using CRT at once, we keep
on increasing primes and compute the polynomial using CRT, until it becomes stable. We check the
stability for 5 consecutive outputs. We have also optimized the computation of minimal polynomial,
using the same strategy.

r | =100 : 100 —1000 : 1000 —1000000 : 1000000
n M_Char | Hecke | Quot | M_Char | Hecke | Quot | M_Char | Hecke | Quot
10 0.07 0.00 0.01 | 0.10 0.00 0.01 | 0.02 0.00 0.10
30 0.13 0.12 0.94 | 0.15 0.12 0.81 | 0.29 0.15 0.52
50 0.76 1.03 1.36 | 0.93 1.03 1.10 | 1.72 1.19 0.69
3 100 | 9.81 17.66 1.80 | 12.45 19.09 1.53 | 23.41 2270 | 0.97
150 | 49.83 1.6m | 1.99 | 63.58 1.9m | 1.83 | 1.8m 22m | 1.26
300 107m | 29.6m | 276 | 142m | 324m | 228 | 285m | 54.8m | 1.92
500 1.9h 5h 2.60 | 24h 5.7h 230 | 4h 73 h 1.81

10 0.07 0.00 0.03 | 0.04 0.00 0.06 | 0.02 0.00 0.19
30 0.42 0.25 0.59 | 043 0.28 0.65 | 0.68 0.30 0.45
50 242 2.05 0.85 | 2.70 2.23 0.83 | 3.98 2.59 0.65
5 | 100 | 23.88 31.26 1.31 | 41.73 42.11 1.01 | 58.01 51.24 | 0.88
150 | 2.7m 37m | 137 |33 m 43m | 128 | 45m 52m | 1.15
300 | 323m | 1.1h 203 | 56m 12h 1.27 | 1.5h 1.5h 1.01
500 | 45h 105h | 232 | 57h 83h 145 | 7.5h - o0

10 0.04 0.00 0.09 | 0.05 0.01 0.13 | 0.06 0.01 0.18
30 1.10 0.85 0.77 | 1.45 0.94 0.65 | 2.05 1.65 0.81
10 | 50 6.51 8.02 1.23 | 7.17 9.53 1.33 | 10.55 17.42 | 1.65
100 1.3m 45m | 328 | 1.6m 53m | 321 |2.6m 72m | 2.73
300 1.6 h 133h | 8.13 | 3h 197h | 653 | 47h - o0

10 0.10 0.01 0.12 | 0.09 0.02 0.17 | 0.17 0.03 0.16
30 3.17 2.61 0.82 | 4.41 2.25 0.51 | 5.63 4.04 0.72
20 | 50 19.87 2437 | 1.23 | 25.81 31.86 | 1.23 | 36.85 51.19 | 1.39
100 | 5.1m 13.1m | 255 | 64m 16.5m | 2.57 | 10 m 24 m 2.39
300 | 6.7h 51.1h | 755 | 79h 63.6h | 804 | 95h - o0

Table 5.1: Timing for Computing Characteristic Polynomial with Modular Algorithm.

Performance Analysis

To illustrate the efficiency of the new method, we have implemented a variant of Modular_CharPoly
algorithm which uses probabilistic approach as explained before (see [Sur21l]). We have tested timings
for the number fields K = Q[x]/(x* + 7x + 1), Ki = Q[x]/(f1), K2 = Q[x]/(f2) and K3 = Q[x]/(f3)



5.3. OpTiMIZING CHARACTERISTIC POLYNOMIAL AND MINIMAL PoLyNoMIAL COMPUTATIONS 81

for fi = xX° + X1y 2(=x), o = x0+ X7 2(-x) and f5 = x2 + 312 2(~x)". Tableshows timing
in seconds (m -for minutes and h- for hours), for this new approach Modular_CharPoly (in the table
as M_Char) vs the existing implementation in Hecke [FHHJ17]] (Section . We use the parameters:
d- degree of the number field, n- size of the matrix and r- range of the coefficients of input matrix.
Experimental results (with quotient times: Quot) show that the new algorithm works much better than
the Hecke implementation for big matrices in large degree fields. When the matrix size and r increase,
Hecke fails to compute the characteristic polynomial (does not terminate).

5.3.2 Computing Minimal Polynomial Using Characteristic Polynomial

As we can see in the Section[5.1] there are highly optimized algorithms for characteristic polynomial
computing. The latest algorithms can compute it with the same asymptotic complexity as the matrix
multiplication, up to constant factors.

Characteristic polynomial computation algorithms have better complexity than minimal polynomial
computation. Here we present an algorithm to compute the minimal polynomial using the characteristic
polynomial. The strategy which we used is straightforward: first we factorize the polynomial C4 as
Ca = A% --- fu®. Then we obtain the valuations of M, at the factors f;’s, by comparing the
multiplicities of the factors of M4 modulo a smaller prime ideal p with f; (mod p). The prime is chosen
such that the factors are square-free. It holds M (mod p) is the same as M, (mod p) for all but finitely
many bad primes. We choose a good prime in this application, one choice would be a prime larger than
the coefficients of M.

Algorithm 20 Minimal Polynomial (MinPoly_Fac)

Input: A € O™,
Output: Minimal polynomial of A.
1: Compute C4 = Modular_CharPoly(A)
2: Factorize C4 = fi°' - - f,".
3: Choose a suitable prime ideal p of O.
4: M, = MinPoly(A (mod p)).
5: Compute g; = f; (mod p) fori=1,...,m.
6: Compute h; = valuation(M,,g;,) fori=1,...,m.
7: return My = flhlfzhz cee fmhm

Here, the function valuation(M, g;) compute the valuation of M, at g;, that is, the largest k such
that g¥ divides M.

In the Algorithm [20] we use randomized factorization algorithms to obtain polynomial run times
(see [CZ8&1]) as deterministic algorithms such as Berlekamp’s factorization algorithm in [Ber70] are of
exponential complexity. The CharPoly algorithm in Step (1| has the complexity O~ (n*d) over Q. As
we use non-deterministic algorithms, the complexity of factorization is negligible. Therefore, the total
complexity is in polynomial time. Although we can not prove that the algorithm is asymptotically fast,
practically it behaves really well.

Theorem 5.3.2. Algorithm[20]is correct.

Proof. 1t is clear from the construction that the algorithm is correct as M, divides Cy. ]

Performance Analysis

We have implemented Algorithm MinPoly_Fac ([Sur21]]) using Hecke [FHHJ17] in the Julia lan-
guage [BEKS17]. To illustrate the efficiency of the new method, we have computed timings using



82 CHAPTER 5. CoMPUTING CHARACTERISTIC AND MINIMAL POLYNOMIALS

d r | =100 : 100 —1000 : 1000 —1000000 : 1000000
n Min_F | Hecke | Quot Min_F | Hecke | Quot Min_F | Hecke | Quot
10 0.01 0.02 1.66 0.02 0.02 1.39 0.02 0.14 8.98

3 30 0.16 1493 | 93.49 0.20 25.72 127.77 | 0.30 1.2m | 239.41
50 1.127 | 94m | 501.29 | 1.22 14.1m | 696.80 | 1.81 29.2m | 966.92
100 11.87 | 18 h 5476.01 | 1446 | - 00 23.09 | - 00
10 0.02 0.36 16.76 0.02 0.07 3.83 0.04 0.16 4.04

5 30 0.43 48.82 113.19 | 0.45 57.15 126.22 | 0.69 22m | 193.52

50 247 20.8 m | 505.10 | 2.48 314m | 762.78 | 3.96 1.1h 1036.90

100 | 2659 | 37.8h | 5114.34 | 3540 | - o0 5742 | - o0

10 0.12 0.36 3.06 0.09 0.53 5.56 0.10 1.32 13.16

10 | 30 1.14 33m 141.05 1.60 Sm 190.53 | 2.25 11.8m | 317.18

50 8.26 14h 642.50 | 9.75 2.1h 788.60 | 14.44 | 45h 1131.42

10 4.62 6.14 1.33 5.55 9.18 1.66 7.25 1.2m | 10.71

20 | 30 4.48 343 m | 459.78 | 5.37 57.5m | 643.35 | 6.87 2.8h 1477.88

50 2497 | 10.6h | 1530.14 | 28.25 | 17.6h | 2248.67 | 42.18 | - 00

Table 5.2: Timing for Computing Minimal Polynomial Using Characteristic Polynomial.

the number field K = Q[x]/(x> + 7x + 1), K| = QIx1/(f1), K2 = Q[x]/(f2) and K3 = Q[x]/(f3) for
fi= 0+ 2020 o= 210+ 37 2(-x) and f3 = % + 3% 2(=x)". Table[5.2] shows timing in
seconds (m -for minutes and h- for hours) for the new algorithm 20] (Min_F) for different choices of
parameters: d- degree of the number field, n- size of the matrix and r- range of the coefficients of input
matrix. Comparison have been made with the existing implementation in Hecke [FHHJ17]], which uses
Krylov method as explained in Section [5.1.3] Experimental results (with quotient times) shows that the
new algorithm is slower for small examples, and superior for big matrices in large degree fields: For
100 x 100 matrix, over a field of degree 5 the new implementation computes the minimal polynomial,
nearly 5000 times faster than the existing one.

5.3.3 Certification for the Minimal Polynomial

In the previous algorithm, as a certification, we have used bounds on the coefficients of the minimal
polynomial to obtain the correct output. When we use the probabilistic approach (compute until the
output stabilizes, without using bounds) we need a method to certify the minimal polynomial.

The minimal polynomial g = M, is a monic polynomial with the minimum degree (say r) such that
g(A) = 0. Therefore, for all non-zero v € V = R™" it should holds that

gA =0 = g(A)/Ka(V,v) =0 (5.3.1)

where K4(V,v) = <Aiv [i=0,1,.. > is the Krylov space of v. We use this fact in Algorithm as a
certification or the minimal polynomial of a given A € K",
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Algorithm 21 Certification for Minimal Polynomial (MinPoly_Cert)
Input: A € K™ and g(A).
Output: If the minimal polynomial of A is correct true, otherwise false.
. veV
2: Ky = Ka(V,v).
3: while true do

4: if g(A)v # 0 then

5: return false

6: end if

7. if rank(K4) = n then
8: return true

9: else

10: v e V\Ky
11:  end if

12: Kia=K4g UKA(V,v)
13: end while

Theorem 5.3.3. The Algorithm[21|is correct and has the complexity O(n*d) over Q.

Proof. Let v; be a random vector in V = R™" (i.e vi = e the first canonical basis). Suppose that
(5.3.1) is satisfied for v = vy. If rank(Ka(V, v;)) = n, we have that (5.3.1) is true for all the vectors in
V. Otherwise, we choose another random vector v, € V independent from the subspace K4 = K4(V,v1)
and check whether (5.3.1) is satisfied for v,. We continue this process, to check if (5.3.1)) is true for all
the vectors in V. That is, Algorithm@terminates when V = (Ka(V,v1), ..., Ks(V,v)) for some k < n.
If (5.3.1) is not true for any v € V, then the g(A) is not the minimal polynomial, and returns false.

The steps of the algorithm are similar to the minimal polynomial computation, using Krylov method.
Therefore the same complexity holds. O

5.3.4 A Factorization Free Algorithm

In this section, we present an algorithm which computes the minimal polynomial of an integer ma-
trix, in the time of characteristic polynomial computation. We have used the coprime basis computation
techniques to get rid of expensive factorization step.

Coprime Bases Computation

Here, we state the general theory of coprime bases and basic idea of the algorithm for the computa-
tion of coprime bases. Coprime base computation uses divisions and gcd computations of polynomials,
Therefore, it has a better complexity than polynomial factorization. The following definitions and re-
sults are generalizations of Bernstein’s results in [Ber0S, Chapters 4, 13], over polynomial ring F[x]
over a field F (finite fields, Z or K).

Definition 5.3.4. Let S and B be subsets of F|x]. If each element of S is product of powers of elements
of B, then B is a base for S. B is called coprime, if all elements of B are pairwise coprime. B is called
a coprime base for S, if B is a base for S and B is coprime.

The existence of the coprime basis is given by the following theorem ([Ber0OS, Theorem 4.1]).

Theorem 5.3.5. Every finite subset of F|x] has a finite coprime base.
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In our application we need a method to compute the coprime base of two elements. We use an
algorithm for two element input, due to Bach, Driscoll and Shallit [BDS90]. It keeps track of the order
of elements and uses this to avoid superfluous computations.

Algorithm 22 Coprime Base of Two Polynomial (CoprimeBase)

Input: Two polynomials f, g € F[x].
Output: List B, such that B is the coprime base of {f, g}.
1: hy :f,hgzgandi: 1.

2: B=1{hy,h}

3: while i < #B do

4 g =ged(hy, hivy)

5. if g is a unit then

6: i=i+1

7:  else

8: replace h; by hjg~!' and h; by hiy 187" in B.
9: insert g as the new i + 1-st element of B.

10: remove h;, h;y1, hiyo if they are units.
11:  end if

12: end while
13: return B

Using the same idea, Bernstein in [Ber0OS, Chapter 13] improves the computations by using asymp-
totically fast algorithms. Given a finite set S of monic polynomials over a finite field, his algorithm
factors § into coprimes in essentially linear time.

Algorithm for Minimal Polynomial Computation

Algorithm[23]presents a factorization free approach to obtain the minimal polynomial from the char-
acteristic polynomial. The method is straightforward: first, we compute the characteristic polynomial
using a fast approach. Then we compute the coprime factorization of C,, = C4 (mod p) and M), = M,
(mod p) over Z, for some good prime p, and valuations of C,, and M), for each factor. We use Hensel
lifting to obtain the coprime factors of C4 in characteristic 0, using a large enough prime power preci-
sion. Finally, the computed valuations are used to get the correct exponents of the coprime-factors of
My, using fast method for root computation.

Algorithm uses multi-factor Hensel lifting to lift a factorization into arbitrary many factors, as ex-
plained in [GG13l Chapter 15.5].

Given input: a prime p € F, f € F[x] such that Ic(f) is a unit modulo p, monic non-constant poly-
nomials fi,..., f, € F[x] that are pairwise coprime modulo p and satisfy f = Ic(f)f;--- f (mod p),
and a lift / e N.

The function MultFacHensel([f1,..., fr], f, p, ) computes output: monic polynomials Fy,..., F, €
F[x] with f =1c(f)F;--- F, (mod pl) and F; = f; (mod p) for all i.

If F = Z, p € Nis a prime, deg(f) = n, ||fllo < p\, and ||fill, < pforalli = 1,...,r, then the
algorithm MultFacHensel takes O~ (nllog(p)) operations in Z (see [[GG13, Theorem 15.18]).

Theorem 5.3.6. Algorithm[23|is correct and has the same asymptotic complexity, up to constant factors,
as the matrix multiplication.

Proof. Since coprime base computation and Hensel factorization have linear complexity, the total cost of
the algorithm is similar to the cost of characteristic polynomial computation. As stated in Section[5.1.2]
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Algorithm 23 Minimal Polynomial (MinPoly_Coprime)
Input: A € Z™"
Output: Minimal polynomial of A.
1: Compute C4 = CharPoly(A)
2: Choose a small prime p € Z and a prime precision k such that p* > 2p(A).
3: C, =Cy (mod p)
4: M, = MinPoly(A (mod p))
5: Let B = CoprimeBase(Cp, M) be B = {by,...,by,}.
6: fori=1,...,mdo
7:  e; =valuation(C), b;) and h; = valuation(M,, b;)
8: end for
Then C, = b%' ... by and M, = b)' ... b)i".
9: ife; = h;foralli=1,...,m then
10:  return Cy
11: else
12: Fori=1,...,mcompute /; € Q such that e¢; = [;h;.
Thatis Cp, = bI™ - bl and M, = b - - by,
13:  Compute [By,...,By,] = MultFacHensel([bll‘h', e bﬁ;,"h’"], Ca, p,k) such that B; bf"h"
(mod ph).
14:  Fori=1,...,m,recover B; = bl}."' (mod pk) using the /; th root of B;.
15 return B, --- B,
16: end if

we have a algorithm which computes the characteristic polynomial in the time of matrix multiplication

by Neiger in [NP20]]. The root computation at Step[I4]is done without the complete factorization (using

gcd(f, f), where f” is the first derivative of f).

Extension over Number Fields as a Future Work

O

We can extend the same strategy to obtain a faster minimal polynomial computation algorithm over

number fields. There is also a version of Hensel’s lemma over O, (the p-adic completion of O). We can
combine this with the theory of coprime bases to compute the minimal polynomial in the time of matrix
multiplication, as explained in the previous section.






Chapter 6

Linear Algebra over Univariate
Polynomial Ring over Finite Fields

6.1 Introduction

There are many optimized algorithms in the literature for computing determinants for integer matri-
ces and matrices over polynomial rings. The aim of this chapter is to discuss determinant computation
algorithms, over polynomial ring over finite fields, using the CRT-approach and Storjohann’s approach
in [PS13]]. The chapter begins with a literature survey of algorithms for determinant computation, with
their complexity improvements. Then, we develop the required sub-algorithms for solving linear sys-
tems, reconstructing rational polynomials and certifying unimodularity. To develop an optimized recon-
struction method, we have successfully used the half-gcd approach. Finally, we present a determinant
computation algorithm, as an extension of Strojohann’s determinant computation approach given for
integer matrices.

6.1.1 Preliminaries on Polynomial Matrices

Before we dive into the algorithms, we will discuss some notations and definitions which will be
used in this chapter. The algorithms in the literature use building blocks such as shifted degree, minimal
kernel and column basis of matrices. Moreover, we need to know matrix transformations into normal
forms, in particular, the Hermite form for triangularization and the Popov form for row reduction of
matrices.

Basic Notations

Let A = [a; ;] € F[x]™", where F[x] is a univariate polynomial ring with coefficients from a finite
field F. The problem of row reduction (or lattice reduction) of a matrix A over F[x], is about finding
a basis with row degrees as small as possible for the lattice (denoted by A(A) ) generated by all F[x]-
linear combinations of rows of A. Two matrices A, B € F[x]™™ are left equivalent (the rows of A and
B generate the same lattice) if and only if A = UB for a unimoduar matrix U. Similarly, it is right
equivalent iff A = BU. Let v € F[x]" be a vector (row or column matrix over F[x]), The degree of
v denoted by deg(v), is the maximal degree of all entries of v. Similarly, we define deg(A) to be the
maximum degree of the matrix entries of A. By rdeg(A) we denote the list of deg(A;) for each row A;
of A. The pivot index of v, denoted by piv(v) is the index of the rightmost entry of degree deg(v). The
leading coefficient matrix of A, denoted by LC(A), is the matrix over F formed by taking the leading
coefficients (Ic) of each entries of A as LC(A) = [lc(a; )]

87
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Normal Forms

Definition 6.1.1 (Row-reduce & Popov forms ).

aip arp - Aaip ai
az) azp - Ay az

A=| . . = . € Flx]™"
apl ap2 - dpp | ay

Matrix A is row reduced if rdeg(A) < rdeg(UA) for any unimodular matrix U. If, in addition, A satisfies
the following normalization conditions it is in Popov form.

(i) The pivot indices piv(ay), ..., piv(a,) are distinct.
(ii) The pivot entries a piv(a;)» - - - » An,piv(a,) aF€ MONIc.
(iii) deg(a;) < deg(a;;1) for 1 <i < n, and if deg(a;) = deg(a;+1) then piv(a;) < piv(a;;1).
(iv) Non-pivot entries have degree less than that of the pivot entry in the same column
If A satisfies only condition (i) it is said to be in weak Popov form.

For any nonsingular A € F[x]"™", A has a unique decomposition A = UP with U unimodular and P
in Popov form, in particular it holds that deg(P) < deg(A) (See [MSO03]] and [SS11]]). There is a similar
definition for row reduce form as LC(A) being full row rank. In [Zhol3l Lemma 2.14] the equivalence
of two definitions has been proven.

Example 6.1.2. Consider the matrix A € F7[x]5.

2x+ 4 SxP 442 +5x+1 X +3x%2+x+2
A =5 +5x° +2x? 2x% + 1 3x +5x+5
A+ +2x+6 5x2 +2x+3 4x* +6x° +6
The weak Popov form of A is given by
2x +4 Sx*+4x +5x+1 S +3%+x+2
W= [5x +5x° + 247 2x% +1 3x2 +5x+5
A+ +2x+6 502 +2x+3 4x* +6x3 + 6
The Popov form of A is
6x+5 502+ x+3 32 +2x%2+3x+6
P=|2x*+23+4x+5 3x>+4x+6 ¥ +53 45 }
X+ x5+ 6x2 6x2 +3 23 +x+1

The pivot entries in each row have been underlined.
Definition 6.1.3 (Hermite normal form). A matrix A € E[x]™" is in Hermit normal form if
(i) A is upper triangular,
(ii) The diagonal elements of A are monic,
(iii) deg(a;;) < deg(aj;)for1 <i< j<n.

The Hermit normal form is unique, and for every A € F[x]"”" there exists a unimodular U € F[x]"™"
such that UA = H in Hermit normal form (See [MSO03]] and [NRS18])).



6.1. INTRODUCTION 89

Shifted Degrees
For a vector p = [p1,...,pu] € Flx]" the shift column degree is defined as the maximum degree
after shifting the degrees of p by a given integer vector that is known as a shift. If s = [s1,...,s,] € Z",

the shifted column degree of p with respect to the shift s is given as

deg (p) = maxi<i<,[deg(p;) + si].

The shifted degrees are used for efficient multiplication of a pair of matrices with unbalanced degrees.

Kernel and Column Bases

The kernel of A € F[x]™" is the F[x]-module ker(A)
ker(A) = {p € F[x]"| Ap = 0}

with a kernel basis of A being a basis of this module. Similarly, a column basis of A is a basis for the
F[x]-module as

{Ap| p € F[x]"}.

Efficients algorithms for computing kernel bases in [ZLS12]] and column bases in [ZL13] take the use
of shifted degrees.

Lemma 6.1.4. Let s be deg(A) of the polynomial matrix A € FE[x]"™". There exists a deterministic
algorithm (in [ZLI3|]) which can compute the column basis of A using O~ (nm“~'s) field operations,
and kernel basis of A using O~ (nm®~'s) field operations.

Here, w is the exponent of matrix multiplication, which satisfies 2 < w < 3 as explained in [GG13}
Chapter 12].

6.1.2 Cost Model

For complexity analysis in polynomial rings over finite fields, we define a non-decreasing function
M : Zsy — Ryo : d = M(d), which gives the number of operation in F, when two polynomials in F[x]
of degree at most d are multiplied. We will also have the following assumptions on M:

1. M(d) € O~(d).

2. M(d\dy) < M(d\)M(dy) for all dy,d, € Z.

Here for polynomial multiplications, we use asymptotically fast methods such as FFT-based meth-
ods which has the complexity O(d log(d) log(log(d))).

The cost of polynomial divisions and gcd related computations has the complexity bound M(d) log(d).
Since we use O~ asymptotic notation in complexity analysis, we assume that for Euclidean algorithm
related computations has the same complexity as M(d) for multiplication.

In this section, for linear algebra such as matrix multiplication, inverse computation, normal form
computations, we use asymptotically fast methods with complexity O~ (n“M(d)), where d is the deg(A)
(See [Sto03, Chapter 2]).
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6.2 Determinant Computation Algorithms in the Literature

Most of the algorithms for determinant computation that we can find in the literature are based on
computing a unimodular matrix U € F™" such that AU = H is triangular. Moreover triangulariz-
ing a matrix is useful for solving linear system and computing matrix normal forms. In this regards,
Strojohann in [Sto00, Algorithm 2.18] presents a fraction-free Gaussian elimination to triangularize a
matrix, and then he uses this in a recursive deterministic algorithm to compute the determinant with a
cost of O~ (n“*'d) operations where d = deg(A). A deterministic O~ (n’d?) algorithm was later given by
Mulders and Storjohann in [MS03] (see Section[6.2.1)), modifying their algorithm for weak Popov form
computation. Later in [Sto03]], Storjohann reduces the complexity to O(n® log® nd'*€) field operations
using higher-order lifting and probabilistic approach. The deterministic algorithm Determinant (Al-
gorithm [, which is presented in the Section[2.2]by Abbott et al in [ABM99] can also be used over any
arbitrary commutative ring. Abbott’s algorithm has the complexity of O~ (n*) operations over F.

6.2.1 Mulders’ and Storjohann’s Method

Algorithm 24 Determinant Computation (Hecke_det)

Input: A € F[x]™" nonsingular.
Output: Determinant of A.
I: C=Aandd, = 1.
2:fori=n-1,n-2,...,1do
3:  M; = first i columns of C.
V; = last columns fo C.
[N[ ‘ V,-] = ExtendedWeakPopovForm(M;, V;).
Let k such that k-th row of N; is zero.
C = N; with row k deleted.
t; = k-th entry of W;.
9: d, = (_1)k+i+ltide
10: end for
11: return Cyd,

A A

Algorithm[24]computes the determinant of a non-singular matrix A € F[x]"*" using the weak Popov
form. Mulders and Storjohann gave this iterative algorithm which has the complexity O~ (n® det(A)?)
over F. It reduce the exponent of n compared to their previous algorithm in [Sto0O0], but at the cost of
increasing the exponent of d. The algorithm uses a variant of the weak Popov form. That is: given
two matrices M and V ExtendedWeakPopovForm(M, V) computes (N, W) such that N is a weak Popov
form of M and W is obtained by applying the same transformation on V. The figure below describes the
algorithm in detail. In Hecke, this is used for computing the determinant of polynomial matrices. At the
end of this chapter, we give a performance analysis of this algorithm versus our new approach.
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M V1 _—> Ny W1 EEEEm—— M, |V,
4]
N3 (W3
Ny |W3 M; | V3 f
15}

Algorithm 25 Determinant Computation (det_poly)

Input: A € F[x]™" nonsingular.
Output: Determinant of A.

1: while true do

2:  if n =1 then

3: return A
4:  end if
A .
5: AZ = A, with A, = A{1.14/21,1:0) and Ag = A{n/2):n,1:0)-
6: By1,U,,V,:=ColumBasis(A,)

Note: ColumnBasis(A,) returns the column basis B; and kernel basis U, of A, and the right
factor V,, such that A, = B;V,.

7. By =A,;U,

u, = U, (mod x), v, =V, (mod x).

: Compute a matrix u}* e FXIn/21 guch that u* = [u;‘ ur] is unimodular.

10:  d, = det(v,uy)/ det(u”)
11: dp =det_poly(B;)- det_poly(B;)
12:  return d,dp
13: end while

6.2.2 Zhou’s and Labahn’s Method

Zhou and Labahn in [ZL14] present a fast and deterministic algorithm for finding the determinant
of A, with the complexity O~ (n“d) operations over the field F. They use a fast algorithm in [ZLS12]] for
computing minimal kernel basis. A kernel basis computation allows to partition the input matrix A into
a block triangular form as:

[Ay (B 0] _
A-U_[Ad“Ul U,]_[* Bz]—B 6.2.1)

Now the problem is reduced to the computations of the determinants of By, B, and U as det(A) =
det(By) det(B,)/ det(U). The determinant of U is a non-zero element in F, and it can be obtained without
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computing the entire matrix U. The computation of det(B;) and det(B,) is done recursively, until the
matrices reach smaller dimension that is easy to compute determinants, (as explained in Algorithm 25]
from [LNZ17, Section 4]).

Computing Block-Diagonal Matrices
Consider (6.2.1), for AU = B:

Ay B, O
i R |
In each iteration of the algorithm, the input n X n matrix A is partitioned into two sub-matrices A, and
Ay consisting of the upper [17/2] and lower |n/2] rows of A, respectively. The column dimensions of the
sub-matrices U; and U, of the transformation matrix U, match with the row dimension of A, and A,
respectively.
With the relation A,U; = Bj, we have that the block matrix B; is a column basis of A,,, therefore the
Lemma [6.1.4]can be used to compute B;.
Since A, U, = O, U, is the right kernel basis of A,, and it can be used to compute the block-matrix
B, where, B, = A,U,. It is stated in [LNZ17, Lemma 3.1]) that this computation is independent of the
chosen kernel basis U,.

Computing the Determinant of the Unimodular Matrix

LetV = [Vu Vd]t be the inverse matrix of U such that the sub-matrices V,, and V,; are compatible
with the dimensions of A, and A, as shown below.

_ Bl 0 Vu _ Auﬁ _
e[l [

We compute a sub-matrix Ul* such that U* = [Ul* U,] is unimodular. Then, it holds that:

det(V) det(U*) = det(VU*) = det( [“;d] |u; U]) — det( >V”*U7 (1)] ) = det(V,U?).

Therefore it holds that det(V) = det(V, U;)/ det(U"), and the determinant of A can be computed as:

det(B) det(V,,U;)
det(U*)
Finally we need the following lemma for the completion of the proof of Algorithm 25

det(A) =

Lemma 6.2.1. If U € F[x]™" is unimodular, then det(U) = det(U (mod x)).

More details with the complexity analysis of Algorithm [25|can be found in [ZL14] and [LNZI7].

6.2.3 The State of the Art

Neiger and Pernet in [NP20] give the first description of an algorithm achieving the complexity of
O(n“M(D/n)) operations in F, where D = deg(det(A)) is equal to the sum of the degrees of the rows of
A.

Their approach basically follows the algorithm of Zhou and Labahn in [ZL14], and it uses the
properties of reducing and normalizing matrices. Let us rewrite the (6.2.1)) as
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_ ES % A] A2 _ Bl * B
v A_[Ul U2HA3 A4]_[0 Bz]—B (6.2.2)

where the entries * are not computed, B, = UjA; + UpA4, By and [U; U] are computed from
[A; A3]" as a row basis and a kernel basis. Here, the kernel basis computation and the matrix mul-
tiplication giving B, (the product U;A, + UzA4) involves matrices with possibly unbalanced degrees.
Therefore, they use the current fastest method for this, i.e. they split the computation into O(log(n)) mul-
tiplications of smaller matrices which have balanced degrees [ZLS12, Section 3.6]). However, the com-
putation of the row basis B; remains an obstacle which prevents the determinant algorithm of [ZL14]
from having complexity O(n®M’(D/n). This computation has a loop over log(n) iterations, each of them
calling [ZL12, Algorithm 2] for minimal approximate bases with unbalanced input. Therefore Neiger
and Pernet, in their algorithm in [NP20, Section 3] follow an approach which is more direct at first: keep
the first block row of A as in (6.2.3))

L o= ][A A2] [AL Az
v A_[Ul U2HA3 AJ_[O B] 6.2.3)

and rely on the identity det(A) = det(A;) det(B)/ det(U,). Algorithm has a total cost of O(n“ M’(D/n))
for the three recursive calls, where the first two are (n/2)x(n/2) matrices (A; and U;) whose determinant
has degree at most D/2, and at most D for the third.

Although this approach removes the expensive row basis computation which arises in [ZL.14], it adds
a requirement that all recursive calls must be carried out with reduced matrices. The reducedness of A
and B is achieved using [SS11, Section 3]. The fastest known algorithm in [ZLS12] for computing
kernel bases outputs a matrix in shifted reduced form (s -weak popov form in [NP20, Section 2.4]).
Since, the fastest algorithms in [SS11]] are not given for shifted forms, they extend normalizing methods
for shifted forms in [NP20, Section 4].

6.3 Rational Function and Vector Reconstruction

In this section, we present a fast algorithm to find a rational function, that is congruent to some poly-
nomial modulo another polynomial. The standard strategy is to use the Extended Euclidean Algorithm
(EEA), which is also used to compute the gcd of two polynomials. Here, we take the use of Half-gcd
algorithm to optimize the implementation for rational function reconstruction. At the end of the section
we address the vector rational reconstruction problem with a literature review.

Given input a nonzero modulus f € F[x], a single image polynomial g € F[x] with deg(g) < deg(f),
and degree bounds 0 < N < deg(f) and 0 < D < deg(f), the rational function reconstruction problem
asks for a pair of polynomials (7, f) such that tg = r (mod f). If gcd(t,g) = 1, then we have r/t = g
(mod f) as a valid solution (See [GG13, 5.7] and [KMO6])).

The generalization to vector rational function reconstruction problem is defined similarly except
with g replaced by [g1,...,g,] € F [x]"™". The problem asks for a pair (¢, [r1, ..., 7,]) such that tr; = g;
(mod f), deg(¥) < D and deg(r;) < N fori = 1,...,n. Similarly, if gcd(?, f) = 1, we have a valid
solution as r;/t = g; (mod f;) fori=...,n.

6.3.1 Extended Euclidean Algorithm

In this section we define three functions quot, rem and divrem which are uniquely associated to
any two elements a and b in a Euclidean domain R with b # 0 as: ¢ = quot(a, b), r = rem(a, b) and
(g,r) = divrem(a, b) where ¢, r € R such that a = gb + r and deg(r) < deg(b). Before we look at the
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EEA, we will see the traditional Euclidean Algorithm (EA) which computes greatest common divisors
of any given two elements f and g in an arbitrary Euclidean domain as follows.
ro=f,rp=gandi=1.

while r; # 0 do

riy1 = rem(ri_i,r;),andi =i+ 1

end while

return r;_;

The EEA computes not only the gcd but also a representation of it as a linear combination of the
inputs. Here, we mention only the steps of the EEA in (6.3.1)), and the algorithm can be found in [GG13|
Algorithm 3.6].

Let R be a Euclidean domain, rg, r; € R\{0} with deg(rg) > deg(r;). The EEA starts with so = #; = 1,
s1 = tp = 0, and then proceed as:

r=ry)—4qiri, §2 = 850 — 4151, h =1 —qh,
Figl = Ficl = qilis  Sixl = Si-1 — qiSi»  liy1 = lis1 — qit;, (6.3.1)

0=re1—qere, Se+1 = Se-1 — qeSe,  Ter1 = fe—1 — qele.

Here, deg(r;+1) < deg(r;) for 1 <i < ¢, as in the EA. We assume that r,,.; = 0 and deg(rpy) = —oo.

Lemma 6.3.1. Let Q; = (0 ! )e R>? andRi = Q;--- Q) = ( ik ) for 0 < i < €. Then it holds
I —qi Sivl i+l
that,
i\ _ (0 L\ (riet) _ , (ri-1) _ ro\ _ , ("o
o) =0 )5 l) - 0ol -= ()
Let m; = deg(r;) for 0 < i < ¢, then deg(g;) = m;—; —m; for 1 <i < £. The sequence (g, my, ..., me)

is called the degree sequence in the Extended Euclidean Algorithm for rg and r;.

6.3.2 Extended Euclidean Algorithm for Rational Function Reconstruction

Consider two polynomials f € F[x],deg(f) = m > 0, and g € F[x] of deg(g) < m. Then we can use
the EEA to find a rational function r/t € F(x), with r, t € F[x], satisfying

gcd(z, f) =1 and il = g (mod f), deg(r) <k, deg(t) <m—k, (6.3.2)

for a given k € {0,...,m}. Here +! is the inverse of  modulo f. Note that, if k = m, then clearly
r = gandt = 1is a solution, but for other values of k, it is not obvious. Since, the degree of f is m, the
constrains on degrees of r and 7 as given in (6.3.2) are sensible.

In order to take the use of the EEA, we obtain a weaker condition of the as follows. Since ¢
is a unit modulo f, we can multiply the congruence in (6.3.2)) by 7 and obtain an equivalent condition as:

r=tg (mod f), deg(r) <k, deg(t) <m—k. (6.3.3)

Despite of some exceptional cases where has no solution, we can show that can always
be satisfied using EEA, as mentioned in the Theorem@] (see [[GG13, Section 5.7]).

A rational function r/t € F(x), with r,t € F[x] is said to be in canonical form if t is monic and
gcd(r, 1) = 1. Every rational function has a unique canonical form.
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Theorem 6.3.2. Let [ € F[x] of degree m > 0 and g € F[x] of degree less than m. By applying the EEA
for f and g, consider the j-th row rj,s;,t; € F[x], where j is the minimal such that deg(r;) < k (for a
given k).

(i) There exist polynomials r,t € F[x] satisfying (6.3.3), namely r = rj and t = t;. If in addition
ged(rj, tj) = 1, then r and t also solve (6.3.2).

Moreover it holds that rj = s;f + ;8.

(ii) If r/t € F(x) is a canonical form solution to (6.3.2), then r = T_li‘j and t = T_llj, where T € F\{0}
is the leading coefficient of t;. In particular, (6.3.2) is solvable if and only if gcd(rj, t;) = 1.

(See [[GG13, Theorem 5.16])

6.3.3 Half-GCD Algorithm

The basic idea leading to a fast gcd algorithm for two polynomials rg, r; € F[x] is that the first
quotients g;’s of EA only depend on the coefficients of higher degrees of rg and r;. In this section, we
elaborate on this idea which is used in the Half-GCD (HGCD) algorithm.

Let f = fux™ + fuo1 X" ' + -+ + fy € Flx] with leading coefficient f, # 0, and k € Z. Then we
define the truncated polynomial

£ 1 k= quot(f, ™) = fud* + fuoi ¥+t fe
If f=0,then f [ k=0. Also, if k <0 or k = —co we define f [ k = 0.

Definition 6.3.3. Ler f,g, f*,g* € E[x] with f, f* both non-zero, deg(f) > deg(g) and deg(f*) >
deg(g*), and k € Z. Then, we say that (f, g) and (f*, g*) coincide up to k, if
frk=f"Tk
g 1 (k= (deg(f) - deg(g))) = g 1 (k- (deg(f") - deg(g")).

Consider the steps of the EA for two pairs rg, r; and r;

o» 71 of polynomials with deg(ro) > deg(ry)
and deg(r)) > deg(r}) of lenght £ and £*:

ro=qir1 +r, . . x ;
. rO—qlr1+r2,

ri-1 = qiti + riy1,

= qirr (6.3.4)
B Toest = ol
re-1 = qere,
Letn; = deg(q;) for 1 <i < ¢andn; = deg(q;) for 1 <i < ¢*. Then, m; = deg(r;) = mo—ny—---—n;
for 0 < i < € and my) = —oo, similarly m; are defined for 0 < i < ¢* + 1. Given k € N, we define the

number 7(k) € N by
J
ntk) =max{0 < j<¢: Zni < k},

so that
n(k) n(k)+1

my — My(k) = Z ni<k< Z n; = My — My(k)+1- (6.3.5)
i=1 i=1
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Here, the second inequality only holds if (k) < ¢, and n(k) is uniquely determined by (6.3.5)). We define
17*(k) analogously.

Now the following lemma [GG13, Lemma 11.3] gives the required relation (relation between quo-
tients and input polynomials of EA,) for the HGCD algorithm.

Lemma 6.3.4. Let k € N, h = n(k), and h* = 1°(k). If (ro, r1) and (ry, ry) coincide up to 2k, then h = h*
and q; = q; for1 <i<h.

In our implementation for the rational polynomial reconstruction, we only need the Lemma [6.3.4]
The complete HGCD algorithm can be found in [GG13, Algorithm 11.6].

6.3.4 Half-GCD Algorithm for Rational Polynomial Reconstruction

In this section, we introduce a fast algorithm for rational polynomial reconstruction using HGCD
algorithm. In order to make the description and the proofs simpler, we have directly taken the first few
steps from [GG13) Algorithm 11.6]. The algorithm will not create the monic remainders in intermediate
steps, but it is possible to obtain monic output at the end, if desired. Given two polynomials ry, r; € F[x],
with degree m = deg(ry) > deg(r;), and a bound on the degree of the denominator k € N with O < k < n,
Algorithmcomputes the polynomials r, # € F[x], such that r/t = r; (mod rp). We denote Ic(f) be the
leading coefficient of any polynomial f.

Algorithm 26 Rational Polynomial Reconstruction (RatPolyRcon)

Input: ry, r; € Flx], m = my = deg(rg) > deg(r1) = m;,and k e N with 0 < k < m.
Output: r and ¢ such that r = tr; (mod ry).
1: if ry = 0or k < m — m; then
2 return rq, 1
3: end if
4: if k = 0 and m — my = 0 then
50 g =lc(ro)/le(r)
6: returnry—gri, —q.
7. end if
8: R=1
9: d =[k/2]and s = 0.
10: r=rg [ 2d-2)
11: 7=r [ 2d -2 - (m—my))
12: while s <d—-1and7 # 0do
13:  ¢q,r, = divrem(r,7)
14: s =s+deg(q)

0 1
15 Q= (1 _q)
16: if s <d -1 then
17: R =0OR
18:  end if

190 rF="7r,

20: end while

21: r=Rojro+ Ropr1, t = Rop
22: returnv,t
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Theorem 6.3.5. Algorithm[26)is correct.

Proof. 1f r; = 0 or k < m—my, then n(k) = 0. Therefore, the while loop does not have to be involved, as
s should stay O (the variable s keeps track on the value of n(d)). Since, R stays as the identity matrix the
algorithm returns numerator r; and denominator 1. (Suppose that we compute denominators regardless
of considering the case k < m — m;. Then the degrees of the denominators will exceed the given bound
k, as the degree of the first quotient deg(q;) > k).

If k = 0 and m — m; = O, then the first quotient is g; = lc(rg)/ lc(ry). Therefore, the only possible
denominator is +¢q; and the correct result is returned.

Otherwise, k > 1 and kK > m — m, and we have defined (r, 7) from (ry, r1), such that they coincide
up to 2(d — 1). Therefore by the Lemma|6.3.4] considering the EEA outputs of two pairs of polynomials
(r,7) and (rg, r1), we have that the corresponding quotient polynomials in both cases are equal up to
the row n(d — 1). As described in the Lemma[6.3.1] the matrix R give the outputs of EEA. Hence, the
correct numerator and denominator is returned by the algorithm as explained in the Theorem [6.3.2(i).
Furthermore, according to the (6.3.3) we have that nj +np +- - + Npa-1y) < d—1 < k where n; = deg(q;)
for quotient polynomials g;.

O

Example 6.3.6. Consider two polynomials ro and ry over F;7[x]: ro = 6x8 + X7 +3x0 + 50 +6x* +4x2 +
2x+2, 11 =3x" + x0 + x>+ x> +4x+ 1. We compute r and t such that r = tr; (mod ro) using Algorithm
RatPolyRecon as follows:

d = deg(ry)/2 = 4.

r=ry I 2d-2)=6x°+x +3x* + 533 + 6x% + 4.

F=r | ((2d —2) - (deg(rg) — deg(r)))) = 3x° + x* + x + .

Round 1:

q1,7e, = divrem(r,7) = 2x +2, x* +5x> + 4x? + 3x + 2).

Then, s = deg(q1) = 1 and Q1 = ((1) _1]1) - ((1) 5x1+ 5)'
Round 2:

I =T, = G +x*+x+1, x*+53 +4x% +3x+2).
Q2. Te, = divrem(r,7F) = (3x, 2x° +5x% + 2x + 1).

Then, s = deg(qy) + deg(qa) = 2, and 0 = (‘1) _112) _ ((1) 41x).
Round 3:

rF=Fr = (X +50° +4x2 +3x+2, 20 +5x% + 2x + 1).

@3, Tey, = divrem(r,7) = (4x + 3, 2x° + 6).

0 1 0 1
Then s = deg(q1) + deg(q2) + deg(q3) = 3, and Q3 = (1 _q3) = (1 3x + 4)'
Round 4:

T =TT, = (2x3 +5x2 +2x+1, 2x% + 6).
qa, te, = divrem(r,7) = (x + 6,3x).
s = deg(q1) + deg(q2) + deg(qs) + deg(qq) = 4
Since s > d — 1, while loop terminates with:
4x 6x% +6x + 1
R=030:01= (5x2+2x+1 4x3 +4x+2)'
Now a numerator and a denominator can be computed as: r = Ry 11y + Ryory, and t = Ry, and
algorithm returns (r,t) = (4x* + x> + 4x + 4, 4x° + 4x + 2).
The solution can be normalized by clearing denominators as (x* + 2x* + x + 1, x> + x + 4).
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Algorithm [26] provides only the outputs suggested in the weaker condition (6.3.3) of the rational
polynomial reconstruction. In order to obtain an output which satisfies the (6.3.2), we extend the Algo-
rithm 26] as:

if gcd(r, 1) # 1 then

return false
else
return true, (r/ 1c(?), t/ 1c(2))

end if

Algorithm [26] outputs the rational polynomial r/¢, with the degree of the denominator polynomial
satisfying deg(7) < [k/2]1—1. We have r = urg+tr; = tr; (mod ry), for some u € F[x]. According to the
(6.3.2), if ged(ro, 1) = 1 then (r/ 1c(7), t/ 1c(2)) is a canonical form solution to the rational reconstruction
problem. Here, we make the test gcd(r, ) = 1 instead of gcd(rg, ) = 1, since we have that ged(r, 1) =
gcd(rg, ) by Lemma below. It is more efficient to check the coprimality of the final numerator
and denominator, instead of checking the invertibility of denominator (# (mod ryp)), since the size of
deg(r) < deg(rop).

Lemma 6.3.7. Let ro, r and t be as defined above, then we have that gcd(r, t) = gcd(rg, ?).

Proof. Suppose that p € F[x] be a divisor of ¢. If p|ry, then clearly p|lury + tr; = r. On the other hand,
if p|r, then plurg = r — tr;, where u and ¢ are coprime (by the properties of EEA, see [GG13, Lemma
3.8]). Hence the lemma holds. O

6.3.5 Extension to Vector Rational Function Reconstruction

Here, we present a vector rational function reconstruction algorithm, using the same approach that
we used in Section[I.3.6] First, we use a variant of the Algorithm [26]to find the common denominator
of the solution vector. Then, we use the common denominator to recover numerators of the solution
vector.

Note that for our application, we choose k = deg(rp) to be the degree bound which is mentioned
in Algorithm [26] First we introduce the sub-algorithm for denominator reconstruction as DenomRecon.
This is obtained by replacing the Steps [I5]and[17]of the Algorithm [26]by the following equation:

Ri2,R2p = Ry2,R12 — gR2 . (6.3.6)

The (6.3.6) gives the necessary computations, to recover a denominator. When the conditions of the
while loop (Step @ are satisfied, the algorithm DenomRecon returns a suitable denominator ¢t = Ry
such that r = tr; (mod ry) for some r € F[x]; (we use this as a code DenomRecon(ry, ry) = 7).

Computing Common Denominator and Rational Solution Vector

Let s be the solution S modulo the irreducible polynomial p, of some linear system over F[x] (i.e.
s =S8 (mod p)). Algorithmcomputes the solution vector S € F(x)™*! and the common denominator
d of S. The correctedness of Algorithm [27]follows from the Theorem [I.3.20] as we use the same idea
of Algorithm 2] The algorithm is efficient in practice.

6.3.6 Vector Rational Function Reconstruction by Storjohann and Olesh

Similar to the vector reconstruction methods over integers (Section [I.2.4)), we have algorithms for
vector rational function reconstruction, which requires half of the required image computation than it is
required for element wise rational function reconstruction.
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Algorithm 27 Vector Reconstruction (VecPolyRecon)

Input: s € F[x]™! and p € F[x]

Output: S € F(x)™! such that S = s (mod p) and common denominator d; of S.
1: B =[deg(p)/2]
2: S =0,x, and dg = 1.

3: fori=1,...,ndo

4:  a=dss; (mod p)

5. if deg(a) < B then

6: S;=ald,

7:  else

8: t = DenomRecon(a, p)
0: ds = td;

10: if deg(d,) > B then
11: return false, S, d;
12: end if

13: a =ds; (mod p)
14: Si=ald

15:  end if

16: end for

17: return true, S, dy

In order to find a solution via element wise reconstruction, it requires deg(f) > N + D to ensure
the uniqueness of the solution space. Storjohann and Olesh in [OSQ7] presents a fast algorithm for
vector rational function reconstruction problem using O(nk“"]M(deg( f))) operations in F, with the
requirement that deg(f) > N + D/k for a small constant k. Their algorithm is based on simultaneous
Padé approximation and minimal approximants bases computations.

Minimal Approximant Bases

We need the following definitions following [BL94] and [OS07] for minimal approximant bases
computation.

Definition 6.3.8 (defect). The defect of a vector g = (g1,82,...,8n) € F[x]" with respect to the fixed
multi-index w = (Wi, wy, ..., wy,) is defined by

defect(g) = defect(g, w) = min{w; + 1 — deg(g)}.
1
Definition 6.3.9. A matrix B = [B||B)|. .. IB'] € F[x]™" is a reduced basis of type w for A € F[x]™"
if the following conditions are satisfied.
(i) B has a full row rank and A(B) = A(A).

(ii) Each b € A(B) admits a unique decomposition b = 3\_, ¢;B; with c; € F[x], deg(c;) < defect(B;)—
defect(b), 1 <i<r.

The sub-matrix of the reduced basis B comprised of the rows with positive defect is called the positive
part of B.

Now we define the minimal approximant bases as follows. Let G € F[x]™™, w € Z", and d € Zs.
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Definition 6.3.10. An order d minimal approximant of type w for G is a reduced basis M € K[x]"™" of
type w for the lattice {y € F[x]™" |yG = 0 (mod x%)}. Here, M is nonsingular, and satisfies MG = 0
(mod x4).

In [GJVO3] Section 2], Giorgi et al. provide an algorithm to compute M using matrix multiplications,
with the cost of O(n”M(d)) operations in F. A similar definition for M can be found in [BLV99,
Definition 5.1], which uses a kernel basis of a shifted popov form.

Given G,d and w as above, MinBasis algorithm computes the output (M,d) € (F[x]™",Z"), an
order d minimal approximant M of type w for G together with a tuple § = (61, ..., d,) of the defects of
rows of M. The algorithm PosMinBasis(G, d, w) computes the output of MinBasis(G, d, w) restricted
to the rows with positive defect; M could also be a 0 X n matrix.

The next two lemmas are the basic tools of the algorithm for simultaneous Padé approximation.

H
M | (6.3.7)
{—‘—Ik} H =0 (mod x%)

Lemma 6.3.11. Let H € F[x]™™ have its last k rows zero and letw = (w1, ..., wy). If M € F[x]0*1=k)
is an order d minimal approximant of type (Wi, ..., wp_t) for the first n — k rows of H, then diag(M, I};)
is an order d minimal approximant of type w for H as in (6.3.7).

The next lemma allows us to compute the positive part of the minimal approximant bases using
recursive approach. Here, 1 denote the vector (1,1,...,1).

Lemma 6.3.12. Let H € F[x]™™ and H’' € F[x]™"" . If (M, 6) = PosMinBasis(H,d,w) and (M’,¢6") =
PosMinBasis(MH’,d,5 — 1), then (M’ M, ") solves the minimal approximant problem with the input
([HIH'],d,w).

Padé Approximation

An algorithm to compute the minimal approximant of an input matrix of the form (6.3.8)) has been
explained in [[OSO7, Section 3.1].

G G, - G,
E
G = E € Flag ek, (6.3.8)
E
Here, G; € F[x]™* and E € F[x]™. Let w € Z™*" such that n = (n1,ny,...,n,) with n; € Z, and
np =n3=-=n, € Z’ZO. The approach is to compute the positive part of an order d approximant for

each non-zero block of matrices, starting from the upper-left part of (6.3.8).
Let [M|%] € F[x]**""*) for M € F[x]**" be the positive part of an order d minimal approximant of
type (11, n2) for [Gy |E]" € F[x]™*7*k with a vector § € ZZ, of defects of rows. That is

[M ‘ *]{%»EO (mod x%).

Now consider the two block of k£ column matrices H and H’ as
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G G,
[H ‘ H'] -|E c F[x](m+2t)><2k.
E

By Lemma6.3.11| we have that diag([M|x], I;) with defect vector (6,1 + 1), as the positive part of
an order d minimal approximant of type (n;, ny, ny) of H.

H
— Gl
i
{L*+% E| =0 (mod x%
AR

Let (M’,8’) = PosMinBasis(diag([M|+],I)H’,d,(5,n, + 1) — 1), then M’ diag([M|*], ;) is the
positive part of an order d minimal approximant of type (ny, ny, ny) for [H|H’] by the Lemma

The key observation is that, we can proceed without computing the unknown block * of [M|*] due
to the following result:

_ (G,
0f= ,
I; £ E

For the rest of the block matrices in G, this can be applied recursively.
Therefore, the output of the PosMinBasis(G,d, (n,ny,...,ny)) is given by the following steps,
which is also known as the Padé approximation.

(M, 6) = (Iy,ny + 1);

fori=1,...,ndo
0=@0,n+1)
M, u) = PosMinBasis({%,d,é - l)
M=MM

end for

return (M, 6)

The dimension of M remains bounded by k throughout the computation, therefore the cost of the
algorithm is O((nk + m)k“~'M(d)) operations in F as explained in [OS07, Section 3.1]. In [RS21]
Rosenkilde and Storjohann give a new deterministic algorithm for fast computations of minimal ap-
proximant bases and Hermite -Padé approximations using the same complexity.

Vector Rational Function Reconstruction

Consider the vector rational function reconstruction problem for the input, a non-zero modulus
f € Flx], a vector g € F[x]"" with deg(g) < deg(f), and degree bounds N and D for numerators and
denominator of solutions. Let

S ={[t|r] € Fx]X"*V | tg = r (mod f), deg(r) < D, deg(r) < N}.

Consider the nonsingular matrix,

1 8
- F (n+1)><(n+1).
G 0 71, € Flx]
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If we set the degree constrains (D, N, ..., N), then [¢|r] € S if and only if [# |r] € A(A) with defect([#|r]) >
0. Therefore, S is generated by the positive part of a reduced basis of type (D, N, ..., N) for G. By ex-
tending this result, an algorithm for solving the vector rational reconstruction problem is given in [OS07,
Section 4].

6.4 Linear System Solving and Bounds on Solutions

One of the major step in Storjohann’s determinant computation algorithm is linear system solving. In
this section, we present an algorithm for linear system solving based on the Dixon algorithm in [Di1x82].
The algorithm computes the common denominator, so that we can use it directly in the determinant
computation. We first compute bounds on the solutions. By Cramers rule we know that the solution
of the linear system can be represented as determinants of matrices. Therefore, we compute the degree
bound for determinant of the matrix A € F[x]"™".

6.4.1 Degree Bound on the Determinant

In the cases of integers and number fields, we can use Hadamard’s bound to get a size bound on the
determinant. For matrices over polynomial rings over finite fields, we can use a similar method to get a
degree bound on the determinant of A. Given F[x]"", let DetBound be the algorithm, which computes
D € Z such that deg(det(A)) < D. We can take D as:

D= deg(A)) (6.4.1)
i=1

Gupta et al in [GSSV 12| Corollary 2] gives a similar bound on the determinant using permutation
as in [Lan02, Proposition XIII 4-4.6]. However, the degree bound given in Algorithm[6.4.1]is easier to
compute. It is even easier to get a bound on det(A) using the Corollary[6.4.1] which immediately follows

from (6.4.1)).

Corollary 6.4.1. It holds that deg(det(A)) < ndeg(A) where deg(A) is the maximum degree of the entries
of A.

Algorithm 28 Solving Linear Systems (SolverPolyMat)

Input: A € F[x]™" and b € F[x]™¥!.
Output: S € F[x]"™! such that AS = b and the common denominator d; of S
Choose a suitable irreducible polynomial pg of degree d.
Ap = (A (mod p))™’
B = DetBound(A)
§=0pxand p =1
fori=1,2,...,[B/d] do
v = Ayb (mod po)
s =5+ py
P =PPo
b=(b-Ay)/po
end for
: _,S,d; = VecPolyRecon(s, p)
: return S, d;

N AN S ey

—
N = O
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6.4.2 Linear System Solving

Algorithm 28| presents the Dixon method for solving the linear system Ax = b over F[x]. Here we
have assumed that the size of the degrees of matrix entries in b are also same as in A. In order to get a
more precise bound on denominators and numerators of the solution, we can also apply (6.4.1)) for the
matrix [A|b]". The algorithm will give the correct solution, as we have considered enough precision.

6.5 Unimodular Certification

In order to check the unimodularity of the matrix A, we can use an integrality test for A~!, using a
similar method as Storjohann explains in [PS12]. In the case of integers, he uses higher order lifting to
test whether the p-adic expansion of A~! is finite. This is done by computing the error term of the p-adic
expansion for a given precision, without completely computing the expansion. In our case also, we can
use the double-plus-one lift which they have used to stay within small coefficients and reach the required
precision within a few steps. Over polynomial rings over finite fields, one of the useful properties of
double-plus-one lift is that we need few iterations to obtain the result and all the computations are
carried out with small degrees. The following lemma captures the essential idea of linear-lifting and
quadratic-lifting which will be used in the construction of double-plus-one in our case. Proof of the
lemma follows from theorems [3.2.3and 3.2.4

Lemma 6.5.1. Let A € F[x]™" be non-singular and p € F[x] is an irreducible polynomial which is
relatively prime to det(A).

1. If A™' = B + A7'Rp* for some B,R € F[x]"™" and k € Z-o, then for M € F[x]™" such that
M = A7'R (mod p) it holds that A~ = B+ Mp* + A"'R'p**! where R' = (1/p)(R — AM).

2. For any B,R such that A~' = B+ A™'Rp, we have A™' = B(I + Rp) + A"'R?p?.

Algorithm 29 Unimodular Certification (UniCertPolyMat)

Input: A € F[x]™".

Output: true if A is unimodular, false otherwise.
1: Choose an irreducible polynomial p € F[x] with p { det(A) and deg(p) > deg(A).

. k= [logy(n/2)]

: By=A"" (mod p)

: My=By,Ry=1

cfori=0:k-1do

T, =R;

Riv1 = 5(Tp — AM))

if R;;1 = O then
break

10:  end if

11: M = B()Tp (mod p)

122 if i =k —1 then

[\%}

R e A

13: return false
14: end if
15: end for

16: return true




104 CHAPTER 6. LINEAR ALGEBRA OVER UNIVARIATE PoLyNoMIAL RING OVER FINITE FIELDS

The construction of the double-plus-one lift over F[x] is similar to the case of integers in [PS12| Sec-
tion 3], (or the construction of A~! expansion in Section [3.2.2). Now we can use this in the unimodular
certification of matrices over F[ﬁ as explained in Algorithm[29]

2!

We can also use Algorithm [29]to get the p-adic expansion of A™'. Define p; = p*" !, then piy =

pl.zp. We start with A=! (mod pg) = By. Then for i = 0, 1,2, .. in succession we have:

A™Y (mod py) = Bo(I + Ropo) + Mop},
A7 (mod p2) = Bi(I + Ry p1) + My p?

Continuing this we obtain the following sparse inverse expansion:

A (mod p;) = (--- (Bo( + Ropo) + Mop™)(I + Rip1) + Mop?) + -+ + Mi_1p? )

Before proving the correctedness of Algorithm [29] we will show that in each iteration of the algo-
rithm, matrix entries stay within a bounded degree.

Theorem 6.5.2. Given deg(p) > deg(A), it holds that deg(B;) < deg(p;), deg(R;) < deg(A) and A7l =
Bi+ A" 'Ripiforalli, 0 <i<k.

Proof. Using induction on i, we will prove that the following identities and bounds hold.
A" =B+ A7 'Rip; (6.5.1)

deg(B;) < deg(p:) (6.5.2)

where B; = Bi_i(I + Ri_1pi-1) + Mi_ 1 p? |.

For i = 0: the identity (6.5.1) directly follows from Lemma [6.5.1[(1). The inequality (6.5.2)) holds
for i = 0 from the construction that By = mod (A~!, p).

Now we suppose that (6.5.1)) and (6.5.2) hold for some i, i > 0. Applying a division free quadratic
lifting step and a linear lifting step, from Lemma|6.5.1] we have

A" = BT+ Rip) + AR p? (6.5.3)
A7 = Bl + Ripi) + Mip} + A™'Riy1 pis
which shows that (6.5.1)) is satisfied for i + 1.
Given bounds on deg(B;), we can compute bounds on deg(R;) using (6.5.1).
R; = (1/p)(I — AB;)
deg(R;) < max{deg(l), deg(A) + deg(B;)} — deg(p:)
< deg(A) + deg(p;) — deg(pi)
= deg(A).

The computed bound on R; can be used to prove (6.5.2) for i + 1. We have that

deg(B;(I + R;p;)) = deg(B;) + max{deg([), deg(R;) + deg(p;)}
< 2deg(p;) + deg(A) (6.5.4)
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Then, we apply computed bounds on expansions of B;,| as follows:

Bis1/piv1 = (Bi(I + Rip)) + MiP%)/P?P
deg (Bi+1/pir1) < max{2deg(p;) + deg(A), 2 deg(p;) + deg(p)} — 2 deg(p;) + deg(p)
<0

The last two inequalities follows due to and deg(p) > deg(A). This shows that holds
for i + 1, and similar to the case i the bound on R;;; can be shown by induction.
O

Theorem 6.5.3. Algorithm 29 is correct. If k is chosen large enough to satisfy 21 > n, then A~ is
integral if and only if Ry, is the zero matrix.

Proof. Algorithm 29| tests the integrality of A~! by checking whether it has a finite p-adic expansion.
Assume A is unimodular, from Corollary [6.4.1f we have a bound on the degree of the determinant in
terms of the maximum degree of the entries of A. Therefore, considering A~! as a solution matrix of the
linear system Ax = I, we can obtain a bound on the degrees of matrix entries of A~! as

deg(A™!) < (n - 1) deg(A) (6.5.5)

Now, we will show how to get the bound on number of lifting steps &, to certify the integrality of
A~!. Suppose Ry is zero for the chosen k. Then from (6.5.1)) we have A~! = By, and it follows that A~
is integral. In we will show that the bound on deg(A™"), with respect to the chosen & satisfies
(6.5.2) such that, deg(A~!) = deg(By) < deg(py). In order to obtain this bound on A~!, we choose the
number of iterations k such that (6.5.6)) holds.

(n — 2) deg(A) < 2 deg(pi-1) (6.5.6)

From (6.5.6) and (6.5.3) we have that:

deg(A™!) < (n — 1) deg(A)
< 2deg(pi-1) + deg(A)
< 2deg(pi-1) + deg(p)
= deg(p_;p)
= deg(pk) (6.5.7)

Now, we rephase (6.5.6) to choose the number of steps k easily (as given in the Step [2]in Algorithm

29).

(n —2) deg(A) < 2 deg(pi-1)
= 2deg(p* ™)
= 2(2* - 1) deg(p)
(n —2)deg(A) + 2deg(p) < k+l deg(p)

Since deg(A) < deg(p), we choose k such that (n — 2) deg(A) + 2 deg(p) < ndeg(p) < 2k+1 deg(p). That
is n/2 < 2k, and we can take k = [log,(n/2)].
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The quadratic lifting step at the k—1-th iteration of the double-plus-one gives that By_ | ({+Ry_1 pi-1) =
A~' (mod p7 ). Equivalently, for some error term E we have

AT = Bl + Ricipe) + Epy_ (6.5.8)

Now we can get a bound on the size of the error term using presumed size of p]%_ , and bounds on
other terms.

E=(A"" = (Bii(I + Ric1 pi-1) Py
deg(E) = deg(A™" — (By—1(I + Ri-1 pr-1)) — deg(p?_,)
= max{deg(A™"), deg(Bi-1(I + Ri—1pi-1)} — 2 deg(pi_1)

< max{(n — 1)deg(A) — 2deg(pi-1) , deg(A)} from (6.5.4) and (6.5.3)
< deg(A) from (6.5.6)
< deg(p) by assumption

Considering the quadratic lifting step (6.5.3) for i = k — 1, we can relate the residue Ry—; of (6.5.3)
to the error E of (6.5.8)) and obtain:
A_le—lpk—l =E. (6.5.9)

Using linear p-adic lifting, the last step of the double-plus one lifting computes the correction My_; =
A‘lR,%_1 which is also equal to E (mod p) by (6.5.9) (since the size of the error satisfies deg(E) <
deg(p), we get E (mod p) = E). Hence M;_ exactly captures the error as My_| = E.

Finally, we have that

Ry = (1/p)(R;_; = AMy) by Lemma[6.5.1]
= (1/p)(R;_, — AE) asMy_ = E
=0 by equation (6.5.9).

6.6 Algorithms for Determinant Computation

6.6.1 Determinant Computation Using CRT

Algorithm 30 Determinant Computation (DetCRT)

Input: A € F[x]™".
Output: Determinant of A.
1: Computes a bound B on the degree of det(A) using Theorem [6.4.1]
Choose ¢t matching irreducible relatively prime polynomials pi, p2,...,pr € F[x] such that
5:1 deg(p:) = B.
fori=1,...,tdo
Ap, =A (mod p;)
Compute dp, = det(A,).
end for
Apply CRT to compute du such that dj,, = dy (mod p;) fori=1,...,¢
return du

»

® XNk
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Here, we present the details of our implementation which uses modular methods for computing the
determinant of a matrix A € F[x]™". First, the algorithm computes the bound on the degree of the
determinant of A. Since the bound is quite sharp, we can use the CRT-tree method without using CRT-
iterative approach, with stability or probabilistic conditions. Algorithm [30] explains the CRT-modular
approach in details.

Theorem 6.6.1. Algorithm[30|is correct.

Proof. The correctness follows from the construction, as we have chosen, },/_, deg(p;) > B, CRT gives
the correct output. For det(A,,) computation in the Step E], we can choose any fast algorithm. O

Complexity and Performance Analysis

The complexity of one determinant computation modulo an irreducible polynomial p is approxi-
mately n“. The number of CRT steps required to achieve is ¢t ~ deg(det(A))/ deg(p) ~ n, where deg(p)
is the average degree of irreducible polynomials p;. Therefore the determinant computation using CRT
approach takes O(n“*!) field operations, and this is not a good approach. Even though, the CRT-tree
method is faster than the CRT-iterative method, the complexity gain from this step is negligible due to
the expensive determinant modulo p; computation, for many steps.

6.6.2 Extension to Storjohann’s Determinant Algorithm

In this section, we presents a determinant computation algorithm for matrices over F[x], using Stor-
johann’s determinant computation algorithm in [PS13]. Theoretically, and practically we can extend his
method over F[x], and obtain similar complexities as the method given by Zhou and Lebahn.

Algorithm 31 Minimal Triangular Denominator (PolyHcol)

Input: S € F[x]™" and d € F[x].
Output: Minimal triangular denominator H of §.
I: s=dS
22 w=s,8=d,H=0,x,and t = O,x.
3:fori=nn-1,...,1do
Compute (g;, *,t;) such that g; = gcd(g, s;) and g; = =g + t;s5;
Hii=g/giand g = g;
end for
:fori=1,2,...,ndo
if H,'l' =1 then
continue
10: else
11: for j=1:i—-1do
12: Hﬁ = —1;S; (mod Hj;)
13: sj=s8;+ Hjisi (mod d)
14: end for
15: s; = Hy;s;
16: d=d/H;and s = s/H;;
17:  end if
18: end for
19: return H

R A A
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Minimal Triangular Denominator

In Storjohann’s algorithm, he uses the solution of some linear system Ax = b to obtain a minimal
triangular denominator 7" such that AT ! will be a equivalent to the matrix [A | b]" as a module generated
by row vectors. In our case, the same theory can be applied as modules over F[x] are free, and matrix
operation preserves module properties.

Definition 6.6.2. Given s € F(xy™! a minimal triangular denominator of s is a non-singular upper
triangular matrix T € F[x]™" with minimal degree determinant such that T's integral.

Since, F[x] is a Euclidean domain, the construction of a minimal triangular denominator, and its
proof are exactly follows as in [PS13l Section 2] and [Paul3, Theorem 14] for the integer case. Let s €
F(x)™! and non-zero d € F[x] be such that v = ds is integral. We present Algorithm PolyHcol(s, d)
which computes a minimal triangular denominator of s. This will be used in the next section.

Determinant Computation

Algorithm 32 Determinant Computation (DeterminantPoly)
Input: A € F[x]™".
Output: Determinant of A.
1: d=1and B = A.
2: f =UniCertPolyMat(B)
3: while f = true do
4 Choose a matrix b € F[x]™! with degrees of the entries chosen uniformly randomly from a
suitable interval J C Z.

5 S,d; = SolverPolyMat(A,b)
6: T =PolyHcol(S,d,)

7. B=BT!

8 d=d-de(T)

9 f =UniCertPolyMat(B)

10: end while
11: B, =B (mod x)
12: return d - det(B,)

The Algorithm [32] gives a determinant computation algorithm for a non-singular matrix A over F[x],
extending the integer determinant computation algorithm given in [PS13| Figure 2]. The first phase com-
putes S = A~!b for a vector b € F[x]" in which the entries chosen uniformly randomly from J C Z. If
the degree range of the matrix A is known, we choose the same range for the interval J to obtain similar
bounds for numerator and denominator of S. Then the minimal triangular denominator captures a large
divisor of det(A), and the determinant of the updated AT is reduced by a factor of det(A). In each
succession minimal triangular denominators say 71, T», ... are computed, and unimodular certification
of B= AT, ! Ty ! verifies the completeness of the determinant of A up to a unit. For generic matrices, we
only need a single iteration to extract the determinant, similar to the cases of integers (in [PS13) Section
3]) and number fields. Finally, the determinant of A can be obtained from the product of determinants of
T and B (mod x) as explained in the Theorem[6.6.3] These det computations are efficient as B (mod x)
is a integer matrix and 7 is an upper triangular matrix. Also, we can use the fast inverse computation
method of Algorithm|[13]at the Step[7]to compute 7!

Theorem 6.6.3. Algorithm[32)is correct.
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Proof. The correctedness of the sub-algorithm follows from previous sections and [Paul3l]. Suppose
that B is unimodular at the iteration k, with B = AT~! where T~' = T;'T;'---T;'. Then det(A) =
det(B) det(T'), and det(B) = det(B (mod x)) by Lemma|6.2.1] O

32 4+6x+5 Sxxc+x2+x

Example 6.6.4. Consider the matrix A = 5.2 4 dyx 3x

over Fy[x]. The entries of

the matrix b are chosen randomly in Fy [x]2 as: b = |,|. Now we solve the linear system Ax = b and

4
compute the denominator of the solution using Dixon’s algorithm and vector reconstruction.

B G+ x+2)/(* + 2 +5)
S,den(S) = SolverPolyMat(A, b) where S = [ 21 +2)/(6 + x* + 5x and

den(S) = 4x° + 4x* + 6x.
We compute the minimal triangular denominator as T = PolyHcol(S,den(S)):

7= 1 2x* + % +2x
|0 4% +4x* +6x
-1 = 1 4x0 +4x* + 6x  5x* +6x% + 5x

407 +4x*+6x 0 1

3x2+6x+5 2x+2
5x% + 4x x+4
Now we test for unimodularity of C using Algorithm[29
First, we choose an irreducible polynomial p € F7[x] such that deg(p) > deg(C). Let p = x> +4x+6.
We compute C =1 (mod p) over the field F7[x]/(p) as:

6x+3 2x+2
Bo=C"(modp)=|g 5 ¢ 16

Step ﬂofAlgorithmcomputes: C=AT'=

3x+3 x+1

Take My = By, Ry = I, then Ty = I2. Compute Ry = (Ty — CMy)/p = Sx4+6 Ax4?

x+1 5x+5
4x+2 6x+3
i 6
4 6f
we have that UniCertPolyMat(C) = true.

Now we compute the determinant of A as follows:

Let C, = C (mod x) = [8 i]
upper-triangular matrix and C, is a matrix over Fy. Therefore, we have: det(A) = det(C,)det(T) =
6(4x° + 4x* +6x) = 3x° +3x* + x.

T\ =R} =

My = BoT; (mod p) = [ Then, we compute Ry = (T — CMy)/p = [0 0}. Since Ry = Oax2,

0 0

It is easy to compute determinants of T and C,, since T is an

Complexity Analysis
1. The complexity of solving step contains:

(a) one inverse computation A~' (mod p) with complexity O(n“M(deg(A))), assuming that
deg(p) < deg(A).
(b) [(ndeg(A)/ deg(p))] lifting steps, with cost o(n*M (deg(A))).

2. PolyHcol takes O(n deg(A)z) for n-times extended-gcd computations and product of polynomi-
als.

3. UniCertPolyMat step has the complexity O(n® log(n/2)) as number of steps [log,(n/2)].
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Therefore, we can provide an upper bound for the complexity over F as O(n® log(n) deg(A)), which
is similar to the complexity of Zhou and Labahn approach in Section[6.2.2] The advantage here is that,
we work with small degrees, not over the full field with full degrees. Neiger and Pernet use an unusual
recursion scheme, their complexity is dropped by a factor of log(n), we expect better performance in
Storjohann’s approach, for generic matrices, as we get the required result at the first round, and we need
UniCertPolyMat only for the verification of the completeness.

d | 10-15 100-150 500-550
n Det_P | Hecke | Quot | Det_P | Hecke | Quot | Det_P | Hecke | Quot
10 0.15 0.00 0.02 | 0.59 0.15 0.26 | 13.84 | 2.75 0.20
30 0.45 0.07 0.16 | 3.62 4.23 1.17 | 2290 | 61.09 | 2.67
F; 50 1.87 0.33 0.18 | 16.41 22.18 1.35 | 1.7m | 47m | 2.69
100 15.57 | 291 019 | 19m |[33m | 164 | 11.7m | 379m | 3.23
150 1 m 11.76 1020 | 6.7m | 109m | 1.63 |332m | 1.9h 3.51

Fq

10 0.03 0.00 0.17 | 1.21 0.17 0.14 | 21.27 | 2.26 0.11
30 0.55 0.08 0.15 | 6.17 491 0.80 | 51.45 1.2m | 1.35
F3s511 | 50 2.17 0.37 0.17 | 29.04 | 2646 |091 [29m |55m | 1.86
100 16.80 | 3.28 020 {34m |4m 1.14 | 205m | 43.8m | 2.13
150 1.2m | 13.63 | 0.19 | 119m | 125m | 1.05 | 1.1 h 2.6h 242

10 0.05 0.00 0.06 | 5.45 0.12 002 | 1.1m | 1.48 0.02
30 0.88 0.07 0.08 | 17.44 | 3.09 0.18 | 2.1m | 4248 | 0.33
Fy, 50 4.04 0.33 008 | 14m | 1760 | 020 | 80m |33m | 041
100 33.39 | 2.99 009 | 107m | 24m | 022 |1.1h 25.6m | 0.42
150 2m 1371 | 0.11 | 364m | 82m | 022 |35h 2.8h 0.81

Table 6.1: Timing for Polynomial Determinant Computation with Proof.

Performance Analysis Based on Timings

We have implemented Algorithm [32]using the Hecke, comparison have been made with the existing
implementation in Hecke which is based on Mulders’ and Storjohann’s method as explained in Section
[6.2.1] Table [6.1] shows the run-timings for Algorithm [32] DeterminantPoly (Det_P) with the proof
for the determinant (using unimodular certification). However, for random matrices denominator is the
determinant, and we do not require to test the result using UniCert step. Thus, Table[6.2]shows runtimes
without the proof in columns Det.

To illustrate the efficiency of the new method, we have computed timings over finite fields: Fy, F35;;
and F,, for g3 = 351135113521. Table@ and@ show times in seconds (and m -for minutes) for new
algorithms Det_P and Det, (and quotient times in columns Quot). We have considered different choices
of parameters: n- dimension of the matrix, d- degree range of the input matrix and F,- the finite field.
Closer inspection of the timings show that the new algorithm works much better for big matrices having
large degree entries, over fields of small characteristics: over F; for 150 x 150 matrix having entries
of degree 500 — 550 the new implementation computes the determinant, nearly 3 times faster than the
existing one with the unimodular certification, and nearly 10 times faster without the proof.
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B d | 10-15 100-150 500-550
4 n Det Hecke | Quot | Det Hecke | Quot | Det Hecke | Quot
10 0.14 | 0.00 0.02 | 0.36 0.15 041 | 7.09 2.75 0.39
30 0.22 | 0.07 033 | 2.12 4.23 200 | 1426 | 61.09 | 4.28
Fy 50 0.77 | 0.33 0.44 | 8.03 22.18 2.76 | 48.13 | 47m | 590
100 576 | 2.99 0.52 | 47.55 33m |4.12 |{47m | 379m | 791
150 17.11 | 13.71 | 0.80 | 2.3 m 109m | 464 | 11.5m | 1.9h 9.89
10 0.02 | 0.00 0.30 | 0.98 0.17 0.17 | 9.21 2.26 0.25
30 0.28 | 0.08 0.30 | 3.29 491 1.49 | 24.44 1.2m | 2.85
F3s11 | 50 0.91 0.37 041 | 1269 | 2646 |209 | 14m |55m | 3.72
100 6.21 3.28 053 | 13m |4m 299 | 88m |43.8m | 5.17
150 20.13 | 13.63 | 0.68 | 4 m 125m | 3.06 | 21.6m | 2.6 h 7.21
10 0.03 | 0.00 0.10 | 1.78 0.12 0.07 | 54.58 1.48 0.03
30 0.40 | 0.07 0.18 | 8.37 3.09 037 | 13m | 4248 | 0.54
Fy, 50 1.60 | 0.33 0.21 | 29.97 1760 | 059 |36m |33m | 091
100 11.51 | 2.99 026 | 36m |[24m | 065 |252m | 256m | 1.01
150 36.70 | 13.71 [ 037 | 11.5m | 82m | 0.71 | 1.3h 2.8h 2.13

Table 6.2: Timing for Polynomial Determinant Computation without Proof.
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Conclusions and Further Work

The implemented determinant computation Algorithm [6] (ModularDeterminant), which uses the
idea of Abbott, Bronstein and Mulders performs superior to all existing implementations. The new
unimodular certification algorithm uses higher-order lifting and residue number systems. Also, the
normal form computation of a one-dimensional module using PseudoHcol implementation is efficient
and successful (generalizing to the hcol algorithm by Storjohann). The output of the PseudoHcol
algorithm stays balanced with the size of entries similar to the input matrix, this phenomenon has been
observed in the integer case as well, but we do not know the reason why it does not grow as suggested
by the preliminary analysis in (pauderis2013computing).

We have been able to extend the techniques which are used in the state of the art method for determi-
nant computation in [PS13]] to number fields. We could achieve theoretically faster methods with better
complexities. For further improvement we need the access to a highly optimized low-level libraries such
as such as BLAS [BPP*02], ATLAS [WD98]] or OpenBLAS.

Over number fields of small degrees, we could recover the determinant from the denominator ideal
using the unit group. This approach for recovering the missing unit is similar to the final step of the
determinant algorithm for integers.

We could optimize the determinant computation algorithm over polynomial ring over finite fields,
by using residue number systems in the unimodular certification step.

The minimal polynomial can be computed in the time of matrix multiplications, using coprime basis
computation and Hensel lifting.
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